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Noncollinear generation of optical spatiotemporal solitons
and application to ultrafast digital logic

Xiang Liu, Kale Beckwitt, and Frank Wise
Department of Applied Physics, Cornell University, Ithaca, New York 14853

~Received 9 December 1999!

We demonstrate theoretically and experimentally that spatiotemporal solitons can be generated through
noncollinear second-harmonic generation. The resultingY geometry could be used to implement an opticalAND

gate with ultrafast, high-contrast operation but without sensitivity to the phases of the input pulses.

PACS number~s!: 42.65.Tg, 42.79.Ta
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Optical solitons are localized electromagnetic waves t
propagate stably in nonlinear media despite the presenc
group-velocity dispersion~GVD! and/or diffraction. Spa-
tiotemporal solitons~STS! result from the simultaneous ba
ance of diffraction and dispersion by self-focussing and n
linear phase-modulation, respectively. STS were rece
generated experimentally, in quadratic media@1#. Liu et al.
reported the formation of pulses that overcome diffraction
one transverse spatial dimension as well as group-velo
dispersion to reach stable or periodically stable beam
and pulse duration; diffraction occurs in the remaining tra
verse spatial dimension. These pulses are referred to as
dimensional~2D! STS, to distinguish them from 3D STS
which are localized in all three dimensions@2#. In quadratic
media, the soliton actually consists of at least two fields
different frequencies, coupled and mutually trapped by
nonlinear interaction.

In addition to the scientific interest in STS, such puls
could be the basis of ultrafast optical digital logic in th
future @3#. Fast, highly parallel switching is possible bas
on interactions of STS. Quadratic solitons can be expecte
require lower powers than solitons in Kerr media, if the lat
can be formed at all; Kerr solitons are theoretically unsta
in more than one transverse dimension in the absenc
some saturation or loss. Switching based on head-on c
sions of stationary spatial solitons in slab waveguides@4# and
bulk quadratic crystals@5# was recently reported. For ul
trafast photonic processing, the temporal profiles of the
teracting optical beams should naturally be confined. Exp
mental realization of two-dimensional soliton process
should be easier than in three dimensions, and the slab w
guide geometry potentially allows for tailoring the dispersi
characteristics to those needed for STS. Macleodet al. @3#
point out that these benefits may offset the loss of one
mension of spatial parallelism, and motivate studies of
STS.

In this Rapid Communication we describe the generat
of 2D STS in a different geometry. Degenerate, noncollin
beams of short pulses are arranged for phase-mismat
second-harmonic generation~SHG!. Through nonlinear trap-
ping of the original fundamental fields, femtosecon
duration STS that propagate along the bisector of the a
between input beams are formed. ThisY geometry for STS
generation~Fig. 1! naturally lends itself to all-optical logic
operations. In contrast to devices based on soliton collisio
this approach has the benefit of being insensitive to
phases of the input pulses.
PRE 611063-651X/2000/61~5!/4722~4!/$15.00
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The noncollinear production of STS was inspired by
proposal for STS-based optical logic from Drummon
Kheruntsyan, and He@6#. In the interest of exploiting a
phase-insensitive interaction, these workers proposed the
mation of STS from input signals with orthogonal polariz
tions. This implies a type-II interaction, with the attenda
group-velocity mismatch~GVM! between input beams
GVM between the fundamental and harmonic fields pla
significant constraints on the conditions under which S
will form. With large GVM, the harmonic field will tend to
propagate away from the fundamental, which degrades
mutual trapping required for STS formation. We have sho
that the effects of GVM between fundamental and harmo
pulses can be partially overcome by employing the casc
process at large phase mismatch@1,7#, and it is known that
quadratic solitons can form despite the presence of this G
@8#. GVM between input fundamental pulses further comp
cates the process; in that case all three waves have diffe
velocities, so it is not clear that mutual trapping is possib
To avoid this difficulty, we considered only type-I intera
tions.

We are interested in the situation where fundamen
fields EL andER cross near the entrance face of a quadra
medium. The equations that govern the evolution of the fi
components~assumed constant in thex direction! are

FIG. 1. Schematic geometry for noncollinear STS generatio
R4722 ©2000 The American Physical Society
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EMsh , ELsh , andERsh are the fields at the sum frequency
EL and ER , second-harmonic ofEL , and second-harmoni
of ER , respectively. The propagation distancez is in units of
the nonlinear lengthLNL5nl/(px (2)E0), with E0 related to
the peak intensity of an input pulse byI 05(«/m)1/2uE0u2/2.
The transverse spatial coordinatey is in units of the beam
waist v0 . LDS1(2) andLDF1(2) are the dispersion and diffrac
tion lengths of the fundamental~harmonic! waves. LWL
(LWR) is the walk-off length for the left~right! input EL
(ER). LGVM is the distance over which the harmonic pul
would move one pulse duration away from the fundamen
pulse in time if the propagation were linear. The wave-vec
mismatches areDkM5kMSH2kL2kR , DkL5kLsh22kL ,
and DkR5kRsh22kR . The generated 2D STS will be con
fined in time and they direction. We neglect the effect of th
Kerr nonlinearity (n2) since it contributes,10% of the
overall nonlinear phase shift under our experimental con
tions.

The equations are solved with a symmetric split-s
beam-propagation method. The propagation step along tz
axis is fine enough to ensure total energy conservation
within 1%. With an input consisting of onlyEL (ER) and
appropriate choices for intensity and phase mismatch,
input pulse evolves to an STS, as shown in Figs. 2~a! and
2~b!. The temporal shape of the pulse is stationary, so o
the time-integrated intensity of the fundamental field alo
the y axis is plotted. The individual STS have a beam dia
eter of 58 mm, and they propagate toward points;400 mm
apart on the exit face of the crystal. With bothEL and ER
present as inputs, the pulses merge and evolve to a STS
propagates between the input-beam directions@Fig. 2~c!#. A
physical picture of this process is that the two input fie
exert an attractive force on each other via the middle h
monic field to which they are both coupled. Two effec
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come into play: the harmonic field attracts the input fund
mental fields, and more importantly, the nonlinear pha
shift acquired by the total fundamental field causes so
self-focusing of the input beams. Since the attraction ari
from the beam-coupling terms in the first three equations
~1!, the force is not sensitive to the initial phases of the inp
fundamental fields; the sum-frequency field can always
just its phase to achieve a certain phase mismatch. We
not considering soliton fusion here; the pulses that merg
form the STS are themselvesnot STS when they merge, s
the lack of phase-sensitivity is not so surprising. The inte
sity of the STS exhibits periodic oscillation, as expected
quadratic solitons@9#.

A more detailed characterization of the calculated STS
presented in Fig. 3. The spatiotemporal profile of the STS
the exit face of the SHG crystal is shown in Fig. 3~a!, while
Fig. 3~b! shows the time-integrated intensity profile acro
the y axis. The spatiotemporal profile is symmetric as e
pected@10#, and the beam is;40% narrower than the inpu
beams. The wings on the pulse@which are visible in Fig.
2~c!# arise from the mismatch between the STS solution a
the launched fields. Finally, the temporal profile of the S
at the centraly position (y50) is shown in Fig. 3~c!. The

FIG. 2. Calculated STS propagation under different input c
ditions. ~a! Left input field EL only, ~b! Right input fieldER only,
and ~c! EL and ER together. Simulation parameters:I
56.5 GW/cm2, LNL50.55 mm, total propagation lengthL
525 mm, DkML5260p, DkLL5DkRL5265p. LDS154.5
mm, LDS2511 mm, LDF155 mm, LDF2510 mm, LGVM51.4
mm, andLwL52LwR56 mm. The temporal shape of the pulse
stationary, so only the time-integrated intensity of the fundame
field along they axis is plotted.
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harmonic field~not shown! is found to be mutually trapped
with the fundamental. GVM causes a weak initial radiati
of energy;.98% of the total energy is converted to the ST

The primary obstacle to the experimental realization
STS in short propagation distances is the the required la
and anomalous GVD. Tilting of the pulse wave fronts can
used to simultaneously provide such GVD and reduce
even nullify the GVM@11#. This technique was employed i
the generation of temporal@12# and spatiotemporal@1# soli-
tons in quadratic media.

FIG. 3. Calculated spatiotemporal profile of the STS at the e
face of the crystal with two input fields@corresponding to case~c! in
Fig. 2#: ~a! 3D plot, ~b! time-integrated spatial profile of the ST
along they axis, and~c! temporal profile at the centraly position.
The dashed lines are the profiles of the input pulses.
.
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The experimental setup is similar to that described in@1#.
Pulses of duration 120 fs and energy up to 1 mJ at wa
length 808 nm are produced by a Ti:sapphire regenera
amplifier. The quadratic nonlinear medium is a 25-mm lo
Ba2BO4 ~BBO! crystal cut for type-I SHG. The phase mis
matches are set toDkML5260p and DkLL;DkRL
;265p (Dk,0 corresponds to a self-focusing effectiv
nonlinearity!. A diffraction grating tilts the pulse wave fron
in the x-z plane. The effectiveLGVM51.4 mm, and the dis-
persion lengths areLDS154.5 mm andLDS2511 mm. The
beam passes through a metal mask to produce two equ
intense circular beams propagating parallel to each othe
200-mm cylindrical lens~focusing along they axis! produces
elliptical spots with dimensions of 58mm and 3.2 mm in the
y and x directions, respectively~Fig. 1!. The corresponding
lengths for diffraction in they direction areLDF1;5 mm
andLDF2;10 mm. After focusing and inside the crystal, th
angle between the beams is;0.6°. Each input beam evolve
to a STS when the other beam is blocked. The threshold
STS formation is;7.5 GW/cm2, and experimental STS
generated at this intensity are shown in Figs. 4~a! and 4~b!.
The left column of Fig. 4~a! shows the image of the beam
the exit face of the crystal. The beam size along they axis is
;55 mm, slightly narrower than the 58mm initial beam
size. The right column of Fig. 4~a! shows the intensity profile
at a fixedx position. Analogous results for the other inp
beam are shown in Fig. 4~b!. When both input beams ar
present, we obtain a STS with no transverse velocity com
nent @Fig. 4~c!#. In all three cases, we observe that the h
monic fields are mutually trapped with the fundamen
fields, as expected theoretically. At the exit face of the BB
crystal, the temporal and spatial widths of the STS are v
similar to the input values. The temporal profile of the no
collinear STS is shown in Fig. 4~d!. The secondary intensity
maxima observed 100 and 150mm from the primary peak in
Fig. 4~c! are reproducible. We believe that this nonsolit
radiation appears because the spatial profile of the in
beams~which are selected from another beam by apertur!
is not very close to the soliton solution.
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FIG. 4. Experimental spatial and tempor
profiles of the output STS under different inpu
conditions:~a! left input field EL only, ~b! right
input field ER only, and~c! EL andER together.
The left column contains the images of STS
the exit face, while the plots in the right colum
are obtained by cuts along a fixedx position.~d!
shows the autocorrelation of the output STS
~c!. The dashed lines are the profiles of the inp
pulses.
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We also performed a series of control experiments. W
the input intensity is reduced below 5 GW/cm2 or the
phase-mismatch is increased in magnitude to over 80p, the
nonlinear phase shift produced by the cascade process
adequate for STS formation. For intensities belo
3 GW/cm2 andDkL.150p, we observe approximately lin
ear dispersive and diffractive propagation: the pulse dura
and beam diameter at the exit face are each;3 times
broader than those of the initial pulse. For fixed phase m
match, the threshold intensity for production of the nonc
linear STS is somewhat below that for either beam alone
become an STS. If we increase the intensity to produce
dividual STS withEL andER , they pass through each oth
without fusing. With the intensity and phase mismatch op
mized for noncollinear STS generation but with the an
between the beams increased to 1.2°, the two input pu
cross each other and form individual STS. With the incre
in collision velocity, the attractive force between the tw
beams is evidently not strong enough to merge them. Al
these observations agree with numerical simulations.

If a detector is placed at the bisector of the input bea
~Fig. 1!, an all-opticalAND-gate based on STS can be re
ized. An obvious advantage of such a device is its high c
trast ratio, which is a consequence of the fact that ev
possible output is a well-defined STS propagating alon
unique direction. In contrast to the interactions of quadra
solitons@13#, the process we describe has the benefit of be
ta
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insensitive to the phases of the input pulses. Numerical si
lations confirm that phase differences between the in
pulses as large asp/2 do not disrupt the merging process.

A final point is that this work may demonstrate a route
experimental studies of the internal structure of STS. Solit
waves in nonintegrable systems theoretically may have in
nal eigenmodes@9,14#. Such modes may lead to qualitative
new features in soliton propagation, such as long-lived os
lations of the soliton amplitude. Numerical solutions of no
collinear STS generation at higher initial intensity exhib
much stronger oscillation of the pulse duration and be
size. Future work will address this issue.

In conclusion, we have demonstrated a noncollinear
ometry for the generation of 2D STS, based on a type-I
teraction in quadratic media. This process can be use
perform the logicalAND operation in an ultrafast, all-optica
device. It will be interesting to try to combine the uniqu
properties of quadratic solitons~stability even in three di-
mensions! and Bragg gratings@15# ~large anomalous GVD
without pulse-front titling! as a route toward integrated log
based on spatiotemporal solitons.
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