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Generation of Optical Spatiotemporal Solitons
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We report the experimental formation of optical spatiotemporal solitons. Intense femtoseco
duration pulses experience a saturable self-focusing nonlinearity due to the cascading of qua
nonlinear processes. Strong coupling of the interacting fundamental and harmonic waves prod
solitons that overcome diffraction in one spatial dimension as well as group-velocity dispersion to r
constant beam size and pulse duration, both compressed with respect to the input values. Spatiote
solitons are observed both with nearly zero and with large group-velocity mismatch betw
fundamental and harmonic pulses. [S0031-9007(99)09288-1]

PACS numbers: 42.65.Tg, 05.45.Yv, 42.65.Ky, 42.65.Re
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Solitons, steadily propagating localized waves, ha
been studied in many areas of science over the last dec
Solitons that exhibit confinement in one dimension (spat
or temporal) have been the subject of extensive theoreti
and experimental investigations [1]. Multidimensiona
solitons exhibit confinement in more than one transver
dimension. These include stationary waves that a
confined in two transverse spatial dimensions as w
as spatiotemporal solitons (STS). STS result from t
simultaneous balance of diffraction and dispersion by se
focusing and nonlinear phase modulation, respective
Much theoretical work on multidimensional solitons ha
been reported [2], but few experimental results exist o
ing to the difficulty of creating appropriate experimenta
conditions. Interest in optical STS in solids receive
much impetus from Silberberg’s consideration of the
formation in bulk materials of arbitrary dimensions [3]
STS are theoretically unstable in third-order nonlinear m
dia [4], but solutions can be stabilized if the nonlinearit
is saturable.

Recently, there has been a resurgence of interest in
effective third-ordersx s3dd nonlinearity that arises from the
cascading of second-ordersx s2dd processes. The phase
shift arising from back conversion of second-harmon
light under non-phase-matched conditions depends linea
on intensity at low intensities, and so can be modeled
resulting from an effective nonlinear index of refractio
sn2deff. The residual second-harmonic generation (SH
is analogous to two-photon absorption. The renewed
terest is based on the recognition that large effective thi
order nonlinearities of controllable sign can be produc
in the cascade process [5]. The nonlinearity saturates w
increasing intensity, so quadratic media possess the pro
0031-9007y99y82(23)y4631(4)$15.00
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ties required for STS formation [6]. The absence of wa
collapse in quadratic media has been demonstrated th
retically [7,8], and Malomedet al. [8] showed that with
a positive (i.e., self-focusing) nonlinearity, strictly stabl
STS exist if the quadratic medium has anomalous disp
sion at both the fundamental and harmonic frequencies

Experimental evidence of solitons in quadratic nonlin
ear media has only begun to appear in the last few yea
Stationary spatial solitons have been generated in two
and one [10] transverse spatial dimensions. Di Trapa
et al. recently reported the formation of temporal soliton
via the cascade nonlinearity [11]. However, to date sp
tiotemporal solitons in either quadratic or cubic nonline
media have not been observed.

Here we show experimentally that STS can be produc
in a quadratic medium. The effective third-order nonlin
earity is produced by the cascadex s2d:x s2d process. We
use angular dispersion to create large and negative gro
velocity dispersion (GVD) for both fundamental an
harmonic pulses [11], which facilitates matching of th
characteristic dispersion, diffraction, and nonlinea
lengths. The self-focusing and nonlinear phase shi
balance the effects of diffraction and negative GVD t
produce a soliton in one transverse spatial dimensi
and time. Contrary to the expectations of some previo
workers [11] but consistent with others [8,12,13], w
find that STS exist when the group-velocity mismatc
(GVM) between fundamental and harmonic pulses
much larger than the input pulse duration in addition
when GVM ø 0.

The equations that govern the interaction between fu
damental and harmonic electric fieldsE1 and E2 propa-
gating in thez direction and assumed constant in thex
direction are
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E1 andE2 are in units of the initial value of the peak fun
damental fieldE0, which is related to the initial peak in-

tensity I0 by I0 
q

´

m jE0j
2y2. n2 is the Kerr nonlinear

index, andDk is the wave-vector mismatch between fun
damental and harmonic fields. The diffraction, dispersio
and nonlinear lengths characterizing the pulse interact
are LDF  kv

2
0y2, LDS  0.322t

2
0yjbs2dj, and LNL 

nlyspx s2dE0d, with l the fundamental wavelength.LDS2

is the dispersion length at the second-harmonic frequen
for example. Timet is measured in units of the input-
pulse durationt0, while positionsz and y are measured
in units of LNL andy-dimension beam waistv0, respec-
tively. bs2d is the magnitude of the group-velocity dis
persion, andv0 is the radius of the beam waist. Finally
LGVM  ct0ysn1g 2 n2gd with n1g sn2gd the group index
at the fundamental (harmonic) frequency.

To model the pulse propagation, we numerically solve
the coupled wave equations in one transverse dimens
This is referred to as as1 1 1 1 1dD medium, where the
elements of the triplet are the transverse space, time,
longitudinal space dimensions, respectively. We used
symmetric split-step beam-propagation method to sol
the coupled equations. A fourth-order Runge-Kutta alg
rithm solves the nonlinear propagation step in the time d
main, and the dispersive-and-diffractive propagation st
is solved in the frequency (and spatial frequency) doma
after a two-dimensional Fourier transform. The tempor
profile and transverse intensity distribution of the initia
fundamental pulse are taken to be Gaussians. The res
of the numerical simulations will be compared to exper
mental results below.

A pulse is expected to evolve to a STS when the GV
balances the nonlinear phase modulation and diffracti
balances the self-focusing. The goal of the experimen
arrangement is therefore to matchLDF , LDS, and LNL.
Experiments were performed with a 1-cm-long LiIO3

crystal cut for type-I phase matching. LiIO3 was chosen
because (i) it has a large value ofx s2d and (ii) its large
GVM implies sufficiently large GVD to observe soliton
formation in a reasonably short propagation length wi
achromatic phase matching [14]. Pulses of duration 110
and energy up to 1 mJ at a wavelength of 795 nm a
produced by a Ti:sapphire regenerative amplifier. T
pulses traverse a diffraction grating, a 1:1 telescope, an
cylindrical lens. The optical system creates large negat
GVD by dispersing wavelengths in thex direction, while
focusing the beam in they direction (Fig. 1). The beam
waist of 40 mm (full width at half maximum) in the
y direction at the entrance face of the LiIO3 crystal
produces a diffraction lengthLDF  2.9 mm, about one-
third of the length of the crystal. The beam size in th
x direction is ,4 mm, which corresponds to a walk-off
length much longer than the crystal, so spatial walk-off
thex-z plane is negligible. Anomalous GVD of magnitud
jbs2dj  1350 fs2ymm produced by the grating [14] yields
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FIG. 1. Schematic of the experimental geometry. Propagat
is along the z direction. A diffraction grating disperses
different wavelengths in thex-z plane, as indicated in the top
panel. A cylindrical lens (CL) focuses the beam in they
direction. The diffraction length in thex direction is much
greater than the length of the crystal; different waveleng
components propagate in slightly different directions to achie
achromatic phase matching. The dashed lines in the low
panel suggest the beam propagation when the spatiotemp
soliton is formed.

LDS  2.9 mm for 110-fs pulses. For an ordinary type
I interaction, the GVM corresponds to a delay betwee
pulses of 2.3 ps within one dispersion length. The angu
dispersion from the grating is designed to produce ach
matic phase matching, in which GVMø 0. By rotating
the crystal 180± about thez axis from the achromatic
phase-matching orientation, the GVM can be doubled,
4.6 ps. LNL can be adjusted by varying the input puls
energy or the phase mismatch, which determinesn2deff.
After the crystal, an identical combination of grating an
lenses cancels the GVD and recollimates the beam. T
fundamental pulses entering and exiting the crystal a
monitored by a charge-coupled-device (CCD) camera,
autocorrelator, and a diode-array spectrometer. The be
profile of the second-harmonic pulses is also measu
with the CCD camera.

A minor shortcoming of the experimental setup is th
introduction of residual higher-order dispersion by th
gratings and lenses used to create and nullify the lar
GVD. Third- and fourth-order dispersion arising from
aberrations of the doublet lenses [15] currently in th
experiment combine to limit the shortest pulses that c
be measured accurately. Without the LiIO3 crystal, 110-fs
input pulses are broadened to 130 fs owing to th
uncompensated higher-order dispersion. This implies t
pulses shorter than,80 fs cannot be measured accurate
and will produce apparent pulse durations of,80 fs.

Initially the achromatic phase matching was used
achieve GVMø 0. With the LiIO3 crystal rotated about
the optical axis by 90± to eliminatex s2d effects, the pulse
interacts with the medium through the Kerr nonlinearit
alone. At higher intensities, nonlinear dispersive prop
gation is observed as expected. With an intensity
50 GWycm2 the pulse broadens from 110 to,200 fs
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after propagating through the crystal. The beam profi
at the output face of the crystal exhibits the effects o
diffraction, broadening to,80 mm.

With the crystal oriented on the self-focusing side o
phase matchingsDk  k2v 2 2kv , 0d, the output pulse
duration and beam profile depend strongly on intensit
as expected theoretically.DkL , 0 produces a nonlin-
ear phase shiftDFNL . 0. For low input intensities
s,1 GWycm2d dispersive propagation is again observe
along with diffraction. When the intensity of the inpu
pulse reaches a threshold values10 50 GWycm2d that de-
pends weakly onDkL, the output pulse begins to narrow
temporally and the beam waist simultaneously decreas
in the y direction. Pulse intensity autocorrelations an
beam profiles are shown in Fig. 2 forDkL  280p and
intensities near and well above threshold. The correspon
ing simulation results for the pulse temporal envelope a
beam profile are shown in Figs. 2(c) and 2(d) and agr
reasonably well with the experiments. Although suppre
sion of spatial and temporal broadening is the most obvio
manifestation of the STS, the observed deep modulati
of the output spectrum [Fig. 3(a)] also agrees with theo
[Fig. 3(b)]. Finally, the second-harmonic beam size als
decreases dramatically with intensity, which confirms th
mutual trapping of the fundamental and harmonic beam

Qualitatively similar trends are observed over wid
ranges of phase mismatch (approximately21000p ,

FIG. 2. Intensity autocorrelations (a) and beam profiles (
of output pulses generated with the indicated intensitie
Calculations of the pulse intensity and beam profile are show
in (c) and (d).
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DkL , 230p) and intensity s10 , I , 80 GWycm2d.
Measurements made withDkL  280p and DkL 
2240p (Fig. 4) exemplify these trends. The pulse du
ration decreases from,300 to ,80 fs, and the spectrum
broadens by,50% due to the nonlinear phase modulation
The measured and calculated pulse durations [Fig. 4(
agree qualitatively, but the quantitative agreement is not
good as that obtained for the beam waist [Fig. 4(b)]. Fo
intensities.50 GWycm2, the discrepancies are at leas
partly attributable to the limitations of the measuremen
system; the nearly constant apparent pulse duratio
recorded at high intensities imply that shorter pulses a
actually generated. For intensities.50 GWycm2, the
beam waist in they direction is reduced by a factor of 12
compared to the ordinary diffracting beam and by a fact
of 3 compared to the input beam, in excellent agreeme
with calculations. The harmonic-pulse energies rang
from a few percent of the fundamental energy at sma
DkL to 0.1% at the largest values ofDkL.

With DkL . 0, the nonlinear phase shift produced in
the cascade processDFNL , 0 and cancels the Kerr
phase shift to some degree. At the highest input inte
sities the net nonlinear phase shift should be small a
negative. WithDkL . 0 we do not observe STS at any
input intensity up to100 GWycm2, which is the damage
threshold of LiIO3. Together with the control experiments
mentioned above, this demonstrates the crucial role play
by the cascade process in the formation of STS. Th
critical power for one-dimensional self-focusing by the
Kerr nonlinearity corresponds to an intensity of roughl
80 GWycm2 in our experiment. Thus, all of our observa
tions of STS occur below that power. ForDkL  280p

we estimate that the cascade phase shift is 3–4 times t
produced by the Kerr effect, which implies a threshold be
tween 10 and20 GWycm2, as is found in both experiment
and simulations. Of course, only the cascade part of t
nonlinearity saturates.

With the crystal rotated about the optical axis by 180±,
the formation of STS with large GVM can be studied
In linear propagation GVM would separate the funda
mental and harmonic pulses by 4.6 ps (40 times th
input-pulse duration) after one dispersion length. Und
these conditions, we observe STS that are qualitative

FIG. 3. Measured (a) and calculated (b) power spectrum
the STS generated at the indicated intensity.
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FIG. 4. Dependence of output pulse duration (a) and be
size (b) on incident intensity for the indicated values of pha
mismatch. Symbols are measured points and solid lines
the results of calculations. The pulse duration and beam s
incident on the crystal are indicated by the dashed lines. T
filled (open) symbols correspond toDkL  280p s2240pd.

similar to those found with GVMø 0. At small phase
mismatchs60p , jDkLj , 100pd, the threshold intensi-
ties for formation of STS are 20%–40% higher than tho
observed with GVMø 0. On the other hand, at large
phase mismatchsjDkLj . 200pd, the thresholds are simi-
lar to the zero-GVM values. Typical results obtained wit
DkL  2240p are shown in Fig. 5. Di Trapaniet al.
[11] claimed that GVM can prevent the formation of ST
by splitting the interacting pulses before the mutual tra
ping mechanism takes effect, and so only investigated te
poral solitons formed with GVMø 0. Our measurements
contradict this claim. Torneret al. have shown that soli-
tons theoretically can form in the presence of walk-o
(GVM) in the case of one transverse spatial (temporal) d
mension [13].

FIG. 5. Intensity autocorrelations measured just below a
well above threshold for STS formation with GVM equal to
40 times the input-pulse duration.
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In conclusion, we have generated stables1 1 1 1 1dD
spatiotemporal solitons in a quadratic nonlinear medium
The fundamental and harmonic pulses trap each other s
tially and temporally, overcoming the effects of diffrac-
tion (and walk-off) and group-velocity dispersion. Here
we reach conclusions about soliton formation by usin
a medium 3 times longer than the characteristic inte
action length; direct confirmation of stable propagatio
over longer distances, along with studies of the evolutio
of input pulses to solitons, are planned. We expect th
spatiotemporal solitons will find numerous applications i
science and technology in the future.
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