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Noncollinear generation of optical spatiotemporal solitons
and application to ultrafast digital logic
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We demonstrate theoretically and experimentally that spatiotemporal solitons can be generated through
noncollinear second-harmonic generation. The resulfiggometry could be used to implement an optroad
gate with ultrafast, high-contrast operation but without sensitivity to the phases of the input pulses.

PACS numbdis): 42.65.Tg, 42.79.Ta

Optical solitons are localized electromagnetic waves that The noncollinear production of STS was inspired by a
propagate stably in nonlinear media despite the presence pfoposal for STS-based optical logic from Drummond,
group-velocity dispersiofGVD) and/or diffraction. Spa- Kheruntsyan, and Hé6]. In the interest of exploiting a
tiotemporal solitongSTS result from the simultaneous bal- phase-insensitive interaction, these workers proposed the for-
ance of diffraction and dispersion by self-focussing and nony,ation of STS from input signals with orthogonal polariza-

linear phase-modulation, respectively. STS were recentl3(ions. This implies a type-ll interaction, with the attendant

generated experimentally, in quadratic media Liu et al. . ) )
reported the formation of pulses that overcome diffraction ingroup—velocny mismatch(GVM) between input beams.

one transverse spatial dimension as well as group-velocitf VM between the fundamental and harmonic fields places

dispersion to reach stable or periodically stable beam siz&ignificant constraints on the conditions under which STS
and pulse duration; diffraction occurs in the remaining transWill form. With large GVM, the harmonic field will tend to
verse spatial dimension. These pulses are referred to as twpropagate away from the fundamental, which degrades the
dimensional(2D) STS, to distinguish them from 3D STS, mutual trapping required for STS formation. We have shown
which are localized in all three dimensioff. In quadratic  that the effects of GVM between fundamental and harmonic
m_edia, the soliton_ actually consists of at least two fields apulses can be partially overcome by employing the cascade
different frequencies, coupled and mutually trapped by theyrocess at large phase mismafdh7], and it is known that
nonlinear interaction. . guadratic solitons can form despite the presence of this GVM
In addition to the scientific interest in STS, such puIses[S]_ GVM between input fundamental pulses further compli-

could be the basis of ultrafast optical digital logic in the tes the or “in that Il three waves have different
future [3]. Fast, highly parallel switching is possible based“&1€s the process, atcase a €€ waves have diriere
locities, so it is not clear that mutual trapping is possible.

on interactions of STS. Quadratic solitons can be expected lloxd - hiaing _ )
require lower powers than solitons in Kerr media, if the latterT0 @void this difficulty, we considered only type-I interac-
can be formed at all; Kerr solitons are theoretically unstabldions.

in more than one transverse dimension in the absence of We are interested in the situation where fundamental
some saturation or loss. Switching based on head-on collfields E; andEg cross near the entrance face of a quadratic
sions of stationary spatial solitons in slab waveguidésaind  medium. The equations that govern the evolution of the field
bulk quadratic crystal§5] was recently reported. For ul- componentg§assumed constant in thedirection are

trafast photonic processing, the temporal profiles of the in-
teracting optical beams should naturally be confined. Experi-
mental realization of two-dimensional soliton processing
should be easier than in three dimensions, and the slab wave-
guide geometry potentially allows for tailoring the dispersion
characteristics to those needed for STS. Maclebdl. [3]

point out that these benefits may offset the loss of one di-
mension of spatial parallelism, and motivate studies of 2D
STS.

In this Rapid Communication we describe the generation
of 2D STS in a different geometry. Degenerate, noncollinear
beams of short pulses are arranged for phase-mismatched
second-harmonic generati¢g8HG). Through nonlinear trap-
ping of the original fundamental fields, femtosecond-
duration STS that propagate along the bisector of the angle
between input beams are formed. TNiggeometry for STS
generation(Fig. 1) naturally lends itself to all-optical logic
operations. In contrast to devices based on soliton collisions,
this approach has the benefit of being insensitive to the
phases of the input pulses. FIG. 1. Schematic geometry for noncollinear STS generation.
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P iLy, 2 iLy, 2 Ly 0 come int_o play: the harmo_nic field attracts the i_nput funda-
A TR St v B mental fields, and more importantly, the nonlinear phase
9z Ds1 dt DF1 dy wL 7Y shift acquired by the total fundamental field causes some

self-focusing of the input beams. Since the attraction arises

from the beam-coupling terms in the first three equations in

) ) (1), the force is not sensitive to the initial phases of the input
d N iLne @* ilne @ Ly 0 fundamental fields; the sum-frequency field can always ad-
9z Alpsi gt?2  Alprigy? Lurdy) ¢ just its phase to achieve a certain phase mismatch. We are

not considering soliton fusion here; the pulses that merge to

=IEREpse M M2 HIE} Eghe' K7,

=IiE} Epsne 2 M2+ IEEEpg ! kR, form the STS are themselve®t STS when they merge, so
the lack of phase-sensitivity is not so surprising. The inten-
( P iLy, &2 iLy, &2 Lyt 0) sity of the STS exhibits periodic oscillation, as expected for
— — — — | Epmsh quadratic soliton$9].
dz  4lps gt 4Alprz gy*> Lovm A more detailed characterization of the calculated STS is

=2iE Ege ' 2ku? 1) presented in Fig. 3. The spatiote_mporal pr_ofile_ of the _STS at
' the exit face of the SHG crystal is shown in Figag while
Fig. 3(b) shows the time-integrated intensity profile across
the y axis. The spatiotemporal profile is symmetric as ex-
Lsh pected 10], and the beam is-40% narrower than the input
Ny beams. The wings on the pul$ehich are visible in Fig.
=iE E e '8k7 2(c)] arise from the mismatch between the STS solution and
the launched fields. Finally, the temporal profile of the STS
( 7 . iLye @2 ilne @ Lae @ Ly a) at the centraly position (y=0) is shown in Fig. &). The
Rsh

9z Alps, gt? Alpr2 gy? Lwrdy Loy dt

g Ly, @® iLy. % Ly @ Ly 9
9z Alpsy gt? Alpr2 gy? LwiLdy Lgymdt

= | ERERe_iAkRZ.

Emsn: ELsh, @ndEgg, are the fields at the sum frequency of
E, andEg, second-harmonic oE, , and second-harmonic
of Egr, respectively. The propagation distarmis in units of
the nonlinear length y, =n\/(7x?Ey), with E, related to
the peak intensity of an input pulse by=(e/ux)*?Eo|?/2.
The transverse spatial coordinatas in units of the beam
waist wg. Lpsiz) andLpry(2) are the dispersion and diffrac-
tion lengths of the fundamentgharmonig waves. Ly
(Lwg) is the walk-off length for the lef(right) input E,
(ER). Lgvm Is the distance over which the harmonic pulse
would move one pulse duration away from the fundamental
pulse in time if the propagation were linear. The wave-vector g
mismatches areA kM = kMSH_ k|__ kR y AkL = kLSh_ 2k|_ y
and Akgr=Kkgrsyi— 2kg. The generated 2D STS will be con-
fined in time and thg direction. We neglect the effect of the
Kerr nonlinearity f,) since it contributes<10% of the
overall nonlinear phase shift under our experimental condi-
tions.

The equations are solved with a symmetric split-step 5
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beam-propagation method. The propagation step along the & g )

axis is fine enough to ensure total energy conservation tcg 1 23
within 1%. With an input consisting of onl§g, (Eg) and g.,0

appropriate choices for intensity and phase mismatch, theS_400-300-200_10

input pulse evolves to an STS, as shown in Figs) and
2(b). The temporal shape of the pulse is stationary, so only y (Um)

the tlme_—lntegrated |nten_S|ty_ c_)f the fundamental field a_long FIG. 2. Calculated STS propagation under different input con-
they axis is plotted. The individual STS have_ a beam dlam'ditions.(a) Left input field E, only, (b) Right input fieldEg only,
eter of 58 um, and they propagate toward pointgl00 um  4ng (¢) E, and Eg together. Simulation parameterst
apart on the exit face of the crystal. With bdth andEr ~ —6.5 Gw/en?, L, =0.55 mm, total propagation length
present as inputs, the pulses merge and evolve to a STS thabs mm, AkyL=—-60m, Ak L=AkgL=—657. Lpg=4.5
propagates between the input-beam directidfig. 20)]. A mm, Lpg,=11 mm, Lps=5 mm, Lpg=10 mm, Lgyy=1.4
physical picture of this process is that the two input fieldsmm, andL,,, = —L,g=6 mm. The temporal shape of the pulse is
exert an attractive force on each other via the middle harstationary, so only the time-integrated intensity of the fundamental
monic field to which they are both coupled. Two effectsfield along they axis is plotted.
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The experimental setup is similar to that describefilihn
: ' : Pulses of duration 120 fs and energy up to 1 mJ at wave-
length 808 nm are produced by a Ti:sapphire regenerative
amplifier. The quadratic nonlinear medium is a 25-mm long
Ba,BO, (BBO) crystal cut for type-I SHG. The phase mis-
matches are set tAAkyL=-607 and Ak, L~AkgL
time (fs) ~—657 (Ak<O0 corresponds to a self-focusing effective
nonlinearity. A diffraction grating tilts the pulse wave front
in the x-z plane. The effectivé gy, =1.4 mm, and the dis-
persion lengths arepg;=4.5 mm andLpg,=11 mm. The
beam passes through a metal mask to produce two equally
intense circular beams propagating parallel to each other. A
200-mm cylindrical lengfocusing along the axis) produces
elliptical spots with dimensions of 58m and 3.2 mm in the
0 50 100 150 y andx directions, respectivelyFig. 1). The corresponding
Y (um) lengths for diffraction in they direction areLpg~5 mm
' ' ' ' andLpe,~10 mm. After focusing and inside the crystal, the
angle between the beams-i9.6°. Each input beam evolves
to a STS when the other beam is blocked. The threshold for
] STS formation is~7.5 GWi/cn?, and experimental STS
N generated at this intensity are shown in Fige)4and 4b).
P N The left column of Fig. 48) shows the image of the beam at
00 0 100 0 30 a0  the exit face of the crystal. The beam size alongytiais is
time (fs) ~55 um, slightly narrower than the 5@&m initial beam

FIG. 3. Calculated spatiotemporal profile of the STS at the exitSIZe' The right column of Fig.(d) shows the intensity profile

‘ i ) . ) . at a fixedx position. Analogous results for the other input

ace of the crystal with two input fieldgorresponding to cage) in L -

Fig. 2]: (a) 3D plot, (b) time-integrated spatial profile of the STS beam are showr_l n Flg.(lé)._ When Dboth input bea_lms are

along they axis, and(c) temporal profile at the centrglposition. ~ Présent, we obtain a STS with no transverse velocity compo-

The dashed lines are the profiles of the input pulses. nent[Fig. 4c)]. In all three cases, we observe that the har-
o ) monic fields are mutually trapped with the fundamental

harmonic field(not shown is found to be mutually trapped fie|ds, as expected theoretically. At the exit face of the BBO

with the fundamental. GVM causes a weak initial radiationcrystaL the temporal and spatial widths of the STS are very
of energy;>98% of the total energy is converted to the STS.similar to the input values. The temporal profile of the non-

The primary obstacle to the experimental realization Ofc, inear STS is shown in Fig.(d). The secondary intensity

STS in short propagation distances is the the required Iarg'% . : :
L axima observed 100 and 15@m from the primary peak in
and anomalous GVD. Tilting of the pulse wave fronts can b ig. 4(c) are reproducible. We believe that this nonsoliton

used to simultaneously provide such GVD and reduce or <. . : .
even nullify the GVM[11]. This technique was employed in radiation appears because the spatial profile of the input

the generation of tempor&l2] and spatiotempordtl] soli- beams(which are selected from another beam by aperjures
tons in quadratic media. is not very close to the soliton solution.
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FIG. 4. Experimental spatial and temporal
profiles of the output STS under different input
conditions:(a) left input field E; only, (b) right
T T T input field Eg only, and(c) E;, andEg together.
The left column contains the images of STS at
the exit face, while the plots in the right column
are obtained by cuts along a fixecposition. (d)
shows the autocorrelation of the output STS in
(c). The dashed lines are the profiles of the input
pulses.
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We also performed a series of control experiments. Wheimsensitive to the phases of the input pulses. Numerical simu-
the input intensity is reduced below 5 GW/enor the lations confirm that phase differences between the input
phase-mismatch is increased in magnitude to over,83e  pulses as large as/2 do not disrupt the merging process.
nonlinear phase shift produced by the cascade process is in- A final point is that this work may demonstrate a route to
adequate for STS formation. For intensities belowexperimental studies of the internal structure of STS. Solitary
3 GW/cnf andAkL>150m, we observe approximately lin- waves in nonintegrable systems theoretically may have inter-
ear dispersive and diffractive propagation: the pulse duratiopg| eigenmodef9,14]. Such modes may lead to qualitatively
and beam diameter at the exit face are eaeB times ey features in soliton propagation, such as long-lived oscil-
broader than those of the initial pulse. For fixed phase miStations of the soliton amplitude. Numerical solutions of non-
match, the threshold intensity for production of the noncol-cjjinear STS generation at higher initial intensity exhibit

Iti)near STS isssgmefwhat_ below th?]t fqr eith?f beam glone_t?nuch stronger oscillation of the pulse duration and beam
ecome an T. - If we increase the intensity to produce "Nsize. Future work will address this issue.
dividual STS withE, andEg, they pass through each other In conclusion, we have demonstrated a noncollinear ge-

without fusing. With the intensity and phase mismatch optl-Ometry for the generation of 2D STS, based on a type-I in-

g]elfv?/gefr?rthneork;(;ﬂmq:?r:cfgasse%e?srft;n tﬁgt t\vl\\ilcghirrgﬁt %Tﬁ’éeteraction in quadratic media. This process can be used to
cross each other and form individual STS. With the increas%serform the logicakno operation in an ultrafast, all-optical

) - . . evice. It will be interesting to try to combine the unique
in collision velocity, the attractive force between the two g Y g

. ) roperties of quadratic solitonstability even in three di-
beams is evidently not strong enough to merge them. All 0ﬁ1ension$ and Bragg grating$15] (large anomalous GVD
these observations agree with numerical simulations.

If a detector is placed at the bisector of the input beam without pulse-front titling as a route toward integrated logic

(Fig. 1), an all-opticalaAND-gate based on STS can be real-%atsed on spatiotemporal solitons.

ized. An obvious advantage of such a device is its high con- This work was supported by the National Science Foun-
trast ratio, which is a consequence of the fact that everglation under Contract No. ECS-9612255, the National Insti-
possible output is a well-defined STS propagating along autes of Health under Contract No. RR10075, and the Cornell
unique direction. In contrast to the interactions of quadraticTheory Center. The authors thank H. He for stimulating dis-
solitons[13], the process we describe has the benefit of beingussions and A. Gaeta for the use of a digital camera.
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