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Two-dimensional optical spatiotemporal solitons in quadratic media
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Numerical and experimental studies of the propagation of femtosecond-duration optical pulses in quadratic
nonlinear media are presented. Pulse evolution is investigated over wide ranges of initial intensity and phase
mismatch between fundamental and harmonic waves, and the conditions that produce two-dimensional spa-
tiotemporal solitons are delineated. Spatiotemporal solitons can be generated when the group velocities of the
fundamental and harmonic fields are quite different, for proper choice of the phase mismatch. The factors that
limit the formation of spatiotemporal solitons are discussed.

PACS numbds): 42.65.Tg

[. INTRODUCTION coupled and mutually trapped by the nonlinear interaction.

Optical solitons are localized electromagnetic waves that One of the major goals in the field of soliton physics is the
propagate steadily in nonlinear media with group-velocityproduction of pulses of light that are localized in space and
dispersion(GVD), diffraction, or both. Temporal solitons in time, i.e., spatiotemporal solitof$TS'’s. It is well-known
single-mode optical fibers are the prototypical optical soli-that STS’s are unstable against collapse in cubic nonlinear
tons; these were predicted in 198 and first observed in media[28,29, but solutions may be stabilized if the nonlin-
1980[2]. It has long been understood that self-focusing as &arity is saturable or if additional nonlinear processes such as
result of the cubic ¢®)) Kerr nonlinearity could compensate multiphoton ionization arrest the collapse favored by self-
for the spreading of a beam due to diffraction, but the resultfocusing.(In recent experiments the self-channeling of opti-
ing balance is unstable in greater than one dimenf&n  cal pulses in air has been obsenf@d]. We do not refer to
Spatial solitons were first produced in liquid £8vhere an  these pulses as STS's because they do not result from a bal-
interferer_nce g_rating was employed to_stabilize the solitongnce between nonlinearity and dispersio8everal model
[4], and light filaments were observed] in resonant propa- gystems capable of supporting STS have been analyzed theo-
gation through an atomic vapor, where the nonlinearity iSgtica)ly [31-34. Liu et al. recently reported the experimen-
§aturable."O.ne-d|men5|(')néllD) spatial 50'”‘“.‘5 of the non- tal generation of STS’s: femtosecond pulses that overcome
linear Schrdinger equation were generated in a glass WaV€itfraction in one transverse spatial dimension as well as

guide in 1990/6]. L :
In the last decade, two new nonlinear-optical interactionsGVD to reach stable or periodically stable beam size and

that support solitons were discovered. Segéwal. [7] pre- pulse d_““_"‘“"”_ were p_roduced in the_ quadratic nonlinear
dicted that the photorefractive effect in electro-optic materi-CTYSta! lithium iodate (LilQ) [35]. We will refer to these as
als could be used to create a saturable nonlinear index ¢ STS. to distinguish them from pulses localized in all
refraction, and photorefractive solitons were observed sooH'r€€ dimensions and therefore referred to as three-
afterward[8]. At nearly the same time, there was a resur-dimensional(3D) STS. LilO; was chosen for the initial ex-
gence of interesf9—11] in the effective cubic nonlinearity Periments largely because it is possible to match the group
that is produced by the cascaded interactions of two or thre¥elocities of pulses at the fundamentdH) and second-
waves in quadraticx®) nonlinear media. The renewed in- harmonic(SH) frequencies in this material. Group-velocity
terest was based on the recognition that large nonlinearitiglismatch(GVM) tends to reduce and distort the nonlinear
of controllable sign can be produced. The cascade nonlineaphase shift produced in the cascade process. In addition,
ity saturates with intensity, so self-focusing collapse can b&VM naturally counters the mutual trapping of FH and SH
avoided in quadratic medid 2]. Numerous theoretical treat- fields that occurs in quadratic solitons.
ments of solitons in quadratic media have been rep¢ide Here we provide a more systematic description of the ex-
25]. On the experimental side, Torruellasal. succeeded in  periments on STS’s with nearly zero GVM than was possible
generating stationary two-dimensional spatial solitons inn the brief initial repor{35]. We also present the results of
1995[26], and Di Trapani and co-workers recently produceda study of STS'’s in the presence of significant GVM, per-
temporal solitons via the cascade nonlineafy]. formed with barium metaborate (B8O, or BBO) as the
Photorefractive and quadratic solitons are fundamentallyjuadratic medium. The ranges of parameters for which
different from 1D solitons in Kerr media because they areSTS’s can be produced are delimited experimentally. The
modeled by nonintegrable systems. Higher dimensional solipaper is organized as follows. In Sec. Il we introduce the
tons in Kerr media are also modeled by nonintegrable sysbasic theoretical background and the coupled wave equa-
tems. Strictly speaking, stable self-trapped beams and pulséisns. Section Il describes the experimental apparatus and
in saturable Kerr and quadratic media should be referred tssues. Section IV describes STS observed with nearly
as “solitary waves,” but following common usage, we will matched group velocities, and Sec. V deals with the case of
refer to them as “solitons.” In quadratic media, the soliton significant GVM. The stability map will be presented in Sec.
actually consists of two fields at different frequencies,VI. Our conclusions are summarized in Sec. VII.
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Il. PULSE PROPAGATION IN QUADRATIC MEDIA Runge-Kutta algorithm solves the nonlinear propagation step
in the time domain, and the dispersive and diffractive propa-
Cgation steps are solved in the frequency domain. The numeri-
tal simulations use experimental parameters. The temporal
profile and transverse intensity distribution of the initial FH
pulse are taken as Gaussians. The results of the numerical
solutions will be compared with experimental data below.

Within the slowly varying envelope approximation, the
equations that govern the interaction of FH and SH electri
fields (E; andE,, respectively propagating in the direction
(and assumed constant in tkalirection in a medium with
quadratic and cubic nonlinearity are

) ) ) ) All results are presented with time measured with respect to
L 1Z, L iz, 0" E a reference frame moving at the group velocity of the FH
(92 4LDSl atz 4LDF1 ayz 1 pu|se.
. : . Z,
=BT B i2(nal o) - (|Bal*+ 5|2 ) Ey, Il. EXPERIMENTAL APPARATUS AND PARAMETERS
(1) Solitons form when the effects of nonlinearity, diffrac-

tion, and dispersion balance each other, so the goal of the
experimental arrangement is to matche, Lpg, andLy, at
a length that is commensurate with available nonlinear crys-
_ Z tals. BBO and LilQ are the best commercially available
=iElEle*'AkZ+i4w(n2|o)x(%|E1|2+|E2|2)E2. crystals for 800400 nm SHG, and it is difficult to obtain
crystals longer than~25 mm. Demonstration of soliton
propagation requires propagation over at lea8t-5 charac-
teristic lengths, which dictates characteristic lengths of a few
mm. The focusing, pulse energy, and phase mismatch can be
conveniently adjusted to produtg: andL,, in this range.
FHowever, the GVD required to obtalnps~5 mm with 100

g iz, 9 iz, # iz, &
—+ —+ —+ —
9z Lgym 9t 4lpsz gt>  4Lpra gy?

E, andE, are in units of the initial peak FH fielH, (related
to the initial peak FH intensity byo= e/ u|Eq|/2), n, is
the Kerr nonlinear index, andk=Kk,,— 2k, is the wave-
vector mismatch between fundamental and harmonic field

The diffraction, dispersion, and nonlinear lengths characterfS pulses is an order of magnitude larger than that of most

12Ing thze QUISG propagation  arel pg= kwg/z*_ Los  transparent materials. Adding to the difficulty is the fact that
=0.322r¢/|f?], and Ly (the length over which the the GVD must be anomalous at both the FH and SH frequen-
accumulated nonlinear phase shift is tespectively, where  cjes[33]. Thus, ordinary material dispersion is inappropriate
A is the FH wavelength. The normalizing length for the generation of STS at visible or near-infrared wave-
Z,=n\/mx?)E, characterizes the strength of the nonlineariengths.
COUpling. Timet is measured in units of the initial pulse In generaL angu|ar dispersion of a ||ght wave is accom-
duration T0» and pOSitionS z and y are measured in units Ofpanied by group-ve|ocity dispersion_ The |arge and anoma-
Ly, and they dimension beam waiséo, respectively8® is  |ous GVD required to support solitons is produced by angu-
the GVD, which will have contributions from both material |gr dispersion of the input pulse using a diffraction grating
dispersion and angular dispersion. The characteristic lengtfse). Different wavelengths in the pulse spectrum propagate
over which the FH and SH pulses walk away from each othegt slightly different angles. As a consequence, the pulse front
in time isLgym=C7o/(N1g—N2g) Wheren,g andnyg are the s tilted with respect to the propagation direction. Diffraction
group indices at the FH and SH frequencies, respectively. from a grating can also be used to match the group velocities
The large effective cubic nonlinearity in quadratic mediaof the FH and SH pulses; then each wavelength in the pulse
results from the cascading ofy®(2w;w;®) and  spectrum propagates at its phase-matching angle. This is re-
x?(w;20;—w) processes in phase-mismatched secondferred to as achromatic phase matchi@PM). APM is a
harmonic generatiotSHG). The process of conversion and well known technique in the ultrafast nonlinear optics field
back conversion generates a nonlinear phase Aldft'" at  for efficient wavelength conversion. Each fundamental
the FH frequency that is linear in intensitat low intensi-  wavelength is phase matched with its own SH, so the phase-
ties and thus can be modeled as an effective nonlinear rematching bandwidth as compared to ordinary SHG is greatly
fractive index Q). [A®N- normally refers to the maxi- increased. Equivalently, the FH-SH GVM is substantially re-
mum value of the time-dependent phase shift, but at timegluced. APM was recently used for generation of 1D tempo-
we will be concerned with the specific temporal variationral solitons[27,37. Using APM, the effective GVD and
A®NL(t) across a pulsgThe SH field also acquires a non- GVM cannot be chosen independently. Regardless of
linear phase shift in the process. For large phase mismatciyhether the GVD is produced by angular or material disper-
low intensity, or both, the nonlinear phase shift cansion, the GVD at the FH and SH frequencies will generally
be approximated asA®N-~-T2L?/AkL, where T" differ. Thus, the shape of STS will not have spatiotemporal
=dw|Eg|/cyn, Ny, [11]. Depending on the sign of the rotation symmetry, but will be ellipticd38].
phase-mismatchAkL, the phase shift can be either self- The experimental apparat{i§ig. 1(a)] is similar to that
focussing AkL<0, A®N->0) or self-defocusing AkL  described in{35]. A Ti-sapphire regenerative amplifier pro-
>0, AdN-<0). duces pulses of duration 120 fs and energy up to 1 mJ at a
Pulse propagation is modeled by numerically solving thewavelength of~800 nm. The incoming pulses diffract off a
propagation equations in one transverse spatial dimensiagrating and pass though a 1:1 telescope and a cylindrical lens
and time. The equations are solved using a symmetric splifprior to incidence on the SHG crystal (Lik@r BBO, cut for
step beam-propagation method in which a fourth ordetype-l interaction. The grating creates large and negative
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GVD by dispersing the spectrum in the horizontal transversevould consist of measurements of the spatial and temporal
(x) direction [Fig. 1(b)]. The cylindrical lens focuses the profiles of the pulse obtained at many different propagation
beam in they direction[Figs. 1(b) and Xc)]. The beam waist distances. For temporal solitons in fibers, this is conveniently
in the unfocusedx) direction is 3—4 mm, so diffraction is accomplished by cutting the fiber. Such an approach is dif-
negligible in that direction. Following the crystal, the optics ficult with STS’s in quadratic media. As mentioned above,
are repeated in reverse order to undo the dispersion imposélde longest readily available crystals offel5 characteristic
by the grating and to collimate the beam. To image the beartengths of propagation. One to two characteristic lengths
at the exit face of the crystal, the second cylindrical lens isnay be needed for the launched pulse to evolve to a soliton,
removed, and the beam is imaged with a spherical lens folso solitons can be observed over the limited range 85
lowing the second grating. characteristic lengths. With two crystals, evolution oveB

In our experiment angular dispersion ef0.05°/nm is characteristic lengths can be observed. We will present mea-
required to achieve the desired GVD. In the absence of norsurements made at one or two different propagation dis-
linearity, this angular dispersion will broaden the pulse in thetances in this range. Given the practical constraint on propa-
x direction by~100 wm/cm, which is negligible compared gation distance, we rely on the variation of the output pulse
to the initial x dimension beam size. However, spatial broad-with intensity and phase mismatéat fixed propagation dis-
ening due to angular dispersion can have a large effect if it isance to augment the limited direct measurements of pulse
on the order of thex dimension beam size; this will be per- propagation.
tinent to the discussion of instabilities in Sec. VI.

_ The duration and spectrum of the FH puls_,e are measured, spATIOTEMPORAL SOLITONS GVM NEAR ZERO

with a background-free autocorrelator and diode-array spec-
trometer. The FH and SH beams are measured by imaging Group-velocity mismatcliand its spatial analog, walkoff
the exit face of the nonlinear crystal onto a charge-coupledetween the FH and SH pulses will limit conversion and
device camera, or onto a card to be photographed with Back-conversion efficiency, which in turn limit the phase
high-resolution digital camera. Cross sections of the bearshift attainable with the cascade process. In addition, GVM
profiles are obtained from the two-dimensional digital im- distorts the temporal variation af®N:(t) from the shape
ages. produced by the electronic Kerr effect, namelydN:(t)

The clearest experimental evidence of soliton formation~1(t) [10,39-41. One might expect that GVM can prevent
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FIG. 2. Temporal(a), spatial
(b), and spectrafc) profiles of FH
pulses at exit face of 10 mm LilO
with 1~11 GW/cn? and AkL=
—30m. Dashed lines indicate the
input profiles.
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the formation of STS’s by splitting the coupled FH and SHGw/cn? (20 GW/cnt) [35]. Typical experimental data are
pulses before mutual trapping can take effg2f]. Given  shown in Fig. 2, and numerical simulation of pulse propaga-
these concerns, we first designed experiments on STS form@on under these condition&ig. 3 shows that the pulse is
tion with nearly zero GVM. stable after propagating 1 characteristic length. The mini-

If we arrange the pulse tilt to establish zero GVM in y;m phase mismatch is ultimately limited by spatial walkoff
BBO, Lps at the FH frequency will be at least 9 mm, which ;i yhey_7 plane to b AkL|> 4 for an initial beam size of

is 100 long for STS experiments. In Lildnearly zero GVM 2 mm in thex direction. However, uncertainties arising from

can be obtained smultanequsly WILI@,S~_2 mm, SO L.”Q*' .. the beam divergence, pulse chirp, and accuracy of the phase-
was chosen for these experiments. A diffraction grating W'thmatchin andle restricted our experiments fo the range
1400 lines/mm and an incident angle of 20° produces ne| g 9 P 9

t
. AKL|>(20+5) .
anomalous GVD of magnitudg(®)| ~ 2400 ¢ (1200 &) at \ . . . , .
the FH(SH) frequency in LilQ,. Including the material dis- For slightly higher intensities, STS’s are still formed, but

persion of LilO, the total FH(SH) dispersion is—2200 the pulses are periodically stable. For example, Fig. 4 shows

fs?mm (—600 f</mm). To realize perfect GVM cancella- calc_ulatior_rs yvith the same conditions as in Fig. 3, _but_with
tion, the experimental parameters must be very preciself€ intensity increased from 11 to 13 GW/%?rﬁ'hg period is
controlled. However, numerical simulations show that a~17 mm. Experimentally~10% compression in both time
slight deviation from perfect GVM compensation and space is observed after 10 mm propagation. Thus, for a
(=20%r, temporal walkoff per soliton periodioes not sig-  diven phase mismatch, there is a fairly narrow range of in-
nificantly alter the formation of STS. This contrasts with thetensity that will produce the truly stable STS. The soliton
case discussed in Sec. V, where the large effect of Gviperiod naturally decreases with increasing nonlinear phase
causes temporal walking of-7, per soliton period. A shift, i.e., with increasing intensity or decreasing phase mis-
Gaussian beam waist of 40m (full width at half maximum  match. With the conditions of Fig. 4 but=20 GWi/cnf,
in the y direction produced pr=~3 mm, nearly matching the soliton period is reduced toe 7 mm. Periodically stable
Lps. Ideally, we would havé - andLps matched for both  STS’s are obtained in numerical simulations 1gr up to
FH and SH pulses. Experimentally, this is not feasible, but~80 GW/cnt and|AKL| up to ~100s.
we found in both experiment and numerical simulation that For intensities in the range 40—-80 GW/gnthe experi-
robust STS are formed with up t640% mismatch between mental output pulse is significantly compressed in time and
Lpe andLps. Intuitively, this can be understood as the STSspace compared to the input pulse. Compression by factors
adjusting its spatiotemporal profile to matthr andLps  of 2 in time and 3 in space is illustrated by Figs. 2 and 3 of
after some propagation. A 10-mm LiiCcrystal provides Ref.[35], for example. This compression is accompanied by
over three characteristic lengths of propagation. Control exthe development of significant modulation of the pulse spec-
periments confirm that STS’s cannot be formed without therum: with increasing intensity the spectrum becomes dou-
appropriate cascade nonlinearity: at low intenglgss than  bly, and then triply peaked. Calculations corresponding to
~1 GW/cn?) or with the LilO; crystal oriented to eliminate 1,=60 GW/cnt (Fig. 5 show that the STS is periodically
x?) effects, dispersive and diffractive propagation is ob-stable. The calculations are performed with the intensity
served. WithAkL>0, the cascade phase shift is negativesomewhat smaller than in the experiment, to simulate the
(self-defocusing and cancels the Kerr phase shift to someeffect of a small loss due to two-photon absorpt{@A) at
degree. Nonlinear dispersive propagation is observed, i400 nm(the SH frequencyin LilO ;. The dramatic increases
good agreement with numerical simulations. in intensity atz=8 and~18 mm are probably damped or
With the crystal oriented to produce self-focusing cascademoothed to some extent owing to TPA, but the agreement
phase shifts {kL<0), the output pulse duration and beam with experiment is nonetheless reasonable. Thus, we con-
profile depend on the incident intensity over a wide range otlude that intensities-5—8 timesl, (0.3—0.6 TW/cr) are
phase mismatch; 300r<AkL< —30#. The pulse duration reached under these conditions. The TPA should help stabi-
and beam waist begin to narrdvelative to the low-intensity lize the pulse propagation at such high intensities, but obvi-
values when the intensity reaches1 GW/cn?, indicating  ously at the expense of pulse energy.
space-time focusing. At higher intensity the output pulse du- There are appreciable contributions to the total nonlinear
ration and beam profile essentially match those of the inpuphase shift from the Kerr nonlinearity in these experiments.
pulse. For AkL=—-30m (—80m) this occurs atly~10  The nonlinear index of refraction of LilQis fairly large; we
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FIG. 3. Simulated FH@ and SH(b) pulse propagation in Lil@ with 1=11 GW/cnf, Ak=—307/10 mm, and GVM=0. The
spatiotemporal profiles of the STS at different propagation lengths are shofeh in

measuren,~1x10 % cn?/W using spectrally resolved

two-beam couplind42]. The corresponding critical power I (t.2)aty=0
for self-focusing in one dimension is reached whgr 80 IR R
GW/cn?. Information about the relative contributions of the
cascade and Kerr nonlinearities is obtained from the thresh&
old intensity for STS formation as well as the numerical
simulations. The cascade phase shift varies freftO times
the Kerr phase shift foAkL= —307 to ~ equal to the Kerr
phase shift whem\kL= —2007. Saturation of the cascade
phase shift at high intensity is crucial to the stability of the
STS. At large phase mismatch it is difficult to saturate the L (v, 2) integrated overt
cascade nonlinearity, and this limits the formation of STS'’s. ST
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V. PULSE PROPAGATION WITH GROUP-VELOCITY
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For analytic simplicity GVM is often neglected, in which
case time and the transverse spatial coordinates are formall
equivalent. However, quadratic solitons are fundamentally
multiple-frequency entities. Thus, it is essential to establish FIG. 4. Simulated FH temporélippe) and spatiallower) pulse
the features that arise owing to GVM, as well as any restricpropagation in LilQ with =13 GW/cnf, Ak=—307/10 mm,
tions that GVM imposes on the properties of the STS. and GVM=0.
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frequency chirp across the center of a pulse. Thus, it is det time (£s)
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[43] and pulse compressio#4], we developed and con- It 2) at y=0

firmed experimentally a way to control the deleterious ef- S
fects of GVM. With large enough phase mismatch, the
cycles of frequency conversion that generate the cascad »
phase shift occur before the pulses can move away from eac N

other because of GVM. Improved phase-shift “quality” : : M 15
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and we have found this to be adequate to suppress the de EREEERR ,I.S“(t.’.?.ét.yzo
eterious effects of GVM. A similar argument holds for spa- ' . G ALEREERRRr

tial walkoff. ‘ \\%
In mode locking and pulse compression, Kerr-like phase \M—X
shifts [A®N"~1(t)] are desired, so saturation &fPN-is 2 B \

unnecessary and usually undesirable because it distorts tr's %\\_
phase shift near the peak of the pulse. Saturation is essenti€ 5 _ " m 10

to the stabilization of STS’s, so GVM presents a further re- %, 0 \M 5 o
striction in this applicationAkL cannot be increased indefi- % N

nitely to accommodate arbitrarily large GVM. An increase of £ 0 200 0

AKL by a factor of m, for example, necessitates an increase time (fs)
in intensity by a chtor ofn? toNanaintain the same degree of FIG. 6. Simulated propagation of walking solitons withw
saturation, which increasesP™ by a factor of m. The non-  _ 1 m with Ak= — 257/10 mm and =13 GW/cn? (a) and with
linear phase shift per characteristic lengthhg or Lps) IS Ak=—507/10 mm and =20 GW/cn? (b).

proportional to lps/Ly, . TO generate solitons without exces-

sive oscillation(which could lead to instability this phase rize: the range of magnitude afkL for which STS’s form is
shift must be limited toA®"N-<=. To reach a moderate bounded below by the need to overcome GVM, and above
degree of saturation, the nonlinear driv8L? must be~2 by the need to avoid excessive nonlinear phase shift.

per conversion cycle, which implies a phase shift per cycle The process of increasinkL to compensate the effects
of less than 2/2. With two conversion cycles per character- of GVM is illustrated by the calculated STS of Fig. 6. In the
istic length, we conclude from E¢R) thatLps/Lgyw=4 for  presence of GVM, the mutually-trapped fields will propagate
STS formation. Of course, the intensity must not be allowedwith a velocity between the noninteracting FH and SH group
to exceed the threshold for collapse due®. To summa-  velocities; this is the origin of the terms “walking[23,24
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FIG. 7. Simulated stationary STS in BBO: Rid) and SH(b) pulse propagation with=7.5 GW/cnt and Ak=—607/25 mm. The
spatiotemporal profiles of the STS at different propagation lengths are shofen in

or “moving” [45] solitons. The velocity of a walking soliton refringence of BBO allow us to perform experiments at 800
is determined by the energy distribution between the FH anéim with L 5s/Lgy~3. In linear propagation, the fundamen-
SH fields: more energy in the SH field produces a velocitytal and harmonic pulses would move away from each other
closer to the SH group velocity. As demonstrated in Fig.by three times the pulse duration in one characteristic length,
6(a), the average speed of the STS is below the FH groupnd by 15 times the pulse duration in the course of traversing
velocity, while the instantaneous velocity is directly corre-5 25-mm crystal. Other properties of BBO are advantageous
lated with the energy distribution at each point. Figut8)6  for definitive studies of STS’s. There is negligible TPA at
shows that increasing the magnitudedL at fixed GVM 400 nm, and a small nonlinear index=0.5x 10 15
brings the _vvalkmg velocity CIOS?r to the FH veI_OC|ty, aS cn?/W) implies a high threshold for catastrophic collapse
expected since the SH content |s_reduced. The INCrease Qlie to the Kerr nonlinearity. We will describe experiments
|AKL| also reduces the energy radiated by the SH field as Bone with 17- and 25-mm BBO crystals
evo_ll\lles_ to the solitonl. Figaﬂ”z'u':ig'hs ﬁbo ShOV.VS that '?‘Lger Our criterion for suppressing the effécts of GVM vyields
oscillation occurs at larg , Which is consistent wit

|AkL|= (40)-60)r for the 17- and 25-mm crystals. We per-

the argument above regarding saturation. ; d ical calculati KL in thi A
In the absence of GVM, STS’s are represented by realorMmed numerical caicuiations wi In this range, to

one-parameter solutions moving at the common group veloddentify optimal conditions for STS generation in BBO.
ity. In the general situation where the group velocities are noptaPle STS's are generated witg=7.5 GW/cnt and AkL
matched, soliton solutions are complée., chirped, and = —60m (Fig. 7). The GVM does cause a small amount
move with a velocity between the FH and SH group veloci-(=5%) of the SH field to radiate away in the first two char-
ties. With this additional free parameter, walking solitonsacteristic lengths[Fig. 7(b)]. However, the subsequent
form two-parameter families of solutiof23,46|. propagation is stable. The STS does walk, as evidenced by
For experimental studies of STS’s with significant GVM, the displacement in time relative to the frame of the FH
BBO offers some advantages over LilO'he GVD and bi- pulse. The small magnitude of the displacement is a conse-
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FIG. 8. Simulated oscillatory STS in BBO: F{4) and SH(b)
pulse propagation with=9 GW/cnt and Ak=—60/25 mm. FIG. 9. Calculations of pulse propagation in BBO wijthkL|

. : o0 small to support mutual trapping of the FH and SH fidlas
uen - . . "
9 ce of the large phase mismaich and resulting small 5 he formation of STS’s with zero GVM is shown {b). Conditions

content in the STS. Calculations wilg<5 GW/cnt and e °
|AKL|<307 show that the pulse decays, and walks a time 0" Poth @ and (b): 1=4 Gw/ent and Ak=—157/25 mm.
interval inversely proportional taAKkL. Starting from the
conditions for stable STS formation, a small increase in thecteristic lengths at the FH frequency. We point out that the
intensity produces a periodic ST&ig. 8), as was the case ratio of the effective FH to SH dispersion lengths is not equal
with zero GVM. to that of the FH to SH diffraction lengthsLfsq/Lpso
The consequences of reducing the phase mismatch belowL 1 /Lpry). Therefore, the space-time profiles of the
the value needed to compensate the effects of GVM are iISTS’s formed are not perfectly symmetric.
lustrated in Fig. €8). With |AKL| reduced to 1%, STS’s do As a control experiment we measured the pulse propaga-
not form, and the plot of the SH pulse shows that muchtion in the absence of the cascade nonlinearity. With the
energy is lost to strong temporal walkoff of the SH field. BBO crystal rotated 90° about the propagation direction to
Under the same conditions but with zero GVM, STS’s doeliminate the quadratic interaction ahg=8 GW/cn?, the
form [Fig. 9b)]. input pulse broadens to 415 fs and 1&6h after propagating
In experiments with BBO, the diffraction grating is ar- through 25 mm of BBO(Fig. 10. These results agree with
ranged to produce net anomalous GVD of magnit|gl@| calculations.
=1160 f€/mm (430 f£/mm) at the FH(SH) frequency, With AKL near the theoretical optimum value for STS
yielding Lpg~4.5 mm(12 mm) with 120-fs pulses. The re- formation, we measured the pulse duration, spatial profile,
sulting Lgyy=~1.5 mm. The beam entering the BBO crystal and frequency spectrum at the exit face of the 25-mm crystal
has diameter 5m, which produces pe=5 mm (10 mm)  as functions of the input intensity. The trends observed with
at the FH(SH) frequency. With 17-mm and 25-mm BBO AkL=—60 are typical. At low intensity3 GW/cnt), the
crystals, this allows for propagation over3.5 and 5.5 char- pulse duration and spatial profile each broaden by a factor of
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FIG. 10. Temporal and spatial properties of a pulse propagating r 9 GW/em? 9 GWjern’]

in the presence of the cubic nonlinearity only. Note: the “chopped”
appearance of the input spatial profile is an artifact of limited dy-

. . . 1
namic range of the digital camera. § GWlem')
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3-4 (Fig. 11). The nonlinear phase shift and self-focussing : 3 GWen?
arising from the cascade nonlinearity are insufficient to bal- i ]
ance dispersion and diffraction. There is no observable Iputy [ Inpur]
change in the pulse spectrum figr<3 GW/cnr. i ]
OnceIO reaches 6.5 GW/C?“ the pU|Se eXiting the BBO 79-0 7|95 R T TR 790 7I95 TR TR T <)
crystal begins to narrow in time and space, reaching 110 fs Wavelength (nm) Wavelength (nm)

and 70um atl,~8 GW/cnt. The pulse duration and beam

. . . . . , FIG. 11. Temporal, spatial, and spectral profiles of FH pulses at
waist agree with the values found in the simulation of STS Sexit face of the crystal with indicated incident intensities at phase

ur]der these _colnditior.\(scalculat.ed traces shov_vn as part (_)f mismatchAkL= — 60z. Notice the~ 6.5 GW/cn? intensity thresh-
Fig. 11). At this intensity there is a small-amplitude periodic o for STS formation and the increase in spectral width above
variation of the spatial and temporal profiles. Agr=9 g5 gwient.
GW/cn? the profiles are similar, but slightly broader than
those observed at 8 GW/émin addition, the spectrum be- BBO crystal with a piece 17 mm in length, and repeated the
gins to broaden noticeably and develops some structure. above measurements. At intensity 8 GWfc¢rthe output

As previously mentioned, the pulse duration decreasegulse duration is 90 f§Fig. 12a)] and beam waist 7%m
with increasing intensity from 360 fs at 3 GW/éro 110 fs [Fig. 12b)]. These values are close to the pulse parameters
at 9 GW/cnf (Fig. 11). Simultaneously, the beam waist nar- after 25-mm propagation. The evolution of the temporal and
rows from 100 um at 3 GW/cni to near 70um at 7  spatial profiles of Fig. 12 is slightly asymmetric, in contrast
GWr/cn?. At higher intensity the waist increases again,to the calculated result§ig. 8). From Fig. 8, we do see that
reaching~100 um at 9 GW/cm (Fig. 11). This spatial the simulated FH and SH field intensities oscillate as the
broadening probably reflects periodic evolution of the STSpulses propagate, indicating small oscillations in the FH and
i.e., vibration of the internal soliton mode due to slightly SH pulse durations and spatial extents which is in qualitative
exceeding the optimum stationary soliton power at launch. agreement with our tempor@Fig. 12a)] and spatialFig.

The pulse propagation observed witkL=—607 and  12(b)] data.
lo~8 GWI/cnt is consistent with numerical solutions of STS ~ From the measurements made after propagation through
formation. The hallmark of a soliton is stable propagation,~3 and~5 characteristic lengths and the numerical simu-
which can only be confirmed directly by measuring the pulsdations, we conclude that STS’s are formed in BBO for pa-
at distinct propagation distances. We replaced the 25-mmameters in the vicinity oAkL~ — 607 andl ,~8 GW/cnf.
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FIG. 12. Experimental tempordh) and spatial(b) profiles of
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Because the input pulse is reasonably close to the STS solu-

tion, stable mutual trapping occurs in a short propagation FiG. 13. Spatial profiles of input beafa) and of FH at exit face
distance (-1 characteristic lengirand the pulse sheds mini- of 25-mm BBO with AkL=—607 and intensities of 3 GW/cfn
mal energy as it evolves. After propagation through the BBQb), 8 GW/cnt (c), and 9 GW/crf (d). Notice breakup of STS in
crystal, we find that the SH pulse energy~i2—-4 % of the  (c) to filaments in(d).
input pulse energy, as expected given the large phase mis-
match. The total energy is conserved to within a few percent. /L ,~3, and we believe that stable STS’s can be gen-
The absence of two-photon absorption at 400 nm and therated up td_ps/Lgyy~4.
small Kerr nonlinearity in BBO make these experiments a
nearly ideal realization of the theoretical modé&g. (1)].
Thus, it seems that BBO provides a better environment than
LilO5 for experimental studies of STS’s with fundamental
wavelengths around 800 nm. With crystals 30 to 50 mm in To this point we have focused on the conditions required
length (or multiple shorter crystalsit will also be possible to generate STS’s. It is important to delineate the range of
to study nonwalking STS'’s formed with zero GVM. parameters for which STS’s form, and to identify the mecha-
The formation of STS’s with large GVM demonstrates nisms that inhibit STS formation. With the 25-mm BBO
experimentally the strong coupling of the FH and SH fieldscrystal, we recorded the output pulse parameters for
in phase-mismatched SHG. These STS’s are necessarily350r<AkL<0 and 0<l,<20 GW/cnf. Typical results
chirped, but we do not have direct experimental access to thebtained along contours of constakikL andl, will be pre-
phase of the electric field. The lack of significant modulationsented along with numerical calculations.
of the pulse spectrum is consistent with the observed small We have already shown that dispersive and diffractive
compression of the input pulse. From the time-bandwidthpropagation is observed at low intensity and large phase mis-
product of the STS’s, the chirp cannot be very large. We takenatch, as expected. With large phase mismatch, the nonlin-
this as further confirmation of the reduction of the effects ofear phase shift is eithdi) too small to support STS'gji)
GVM when the phase mismatch is large. In the future it maylarge enough but not saturating, 6ii) saturating but too
be interesting to measure the chirp of the STS’s directlyjarge.
using a technique such as frequency-resolved optical gating We have also seeffrig. 11) that at fixed phase mismatch,
[47]. STS’'s form above a threshold intensity. That intensity
In the initial experimental studies of STY85], we in-  threshold increases with increasifigkL|. At higher intensi-
vestigated pulse propagation with extremely large GVMities, it is possible to observe periodic STS’s. However, we
Lps/Lgym=40. Clear and strong space-time focusing of thealso find that the 2D STS’s are generally unstable at higher
input pulse was observed, and based on comparison to nintensities. For example, witi\kL~—607 and |,~8.5
merical simulations we concluded that STS’s are produce@GW/cn?, the 2D STS’s break up into a series of discrete
even with such large GVM. More detailed and extensivebeams along the unfocuséd dimension. This is illustrated
calculations with the most accurate material parameter Fig. 13. A similar filamentation of 1D spatial solitons was
agree with the observed space-time focusing in 10 mm ofeported by Fuerst and co-workers, and attributed to trans-
LilO3, but also show that the pulse eventually collapses owerse instability(Tl) [48]. To investigate this possible expla-
disperses rather than reaching a stable or periodically stableation, we performed full 3D numerical simulations with a
shape. Thus, the earlier claim of STS formation forsmall amount(up to ~4%) of random intensity variation
Lps/Lgym=40 is incorrect; the observed spatio temporal fo-added to the incident beam along théirection. Filamenta-
cusing does not produce stable STS’s. The experiments déen of the 2D STS's similar to that observed experimentally
scribed above clearly demonstrate STS formation withoccurs in the simulation. The experimental intensity depen-

VI. LIMITATIONS TO THE STABILITY OF
SPATIOTEMPORAL SOLITONS
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= E ] this mechanism for destabilizing the 2D STS'’s, will be pre-
: -35m N sented separate[\p0].
; /\ | ; /\ ] When the beam breaks into filaments, the intensity in-
F nput beam- E Input beam A . . .
TR TR creases slightly, and the propagation changes from one di-
306 -100 y<ﬂm) 00~ 200 200100 y(ﬁm) 100200 mensional to two dimensional in space. The filaments there-
e I fore have a greater tendency toward self-focussing collapse
s 1 ¢t ] via the Kerr nonlinearity. Collapse is manifested experimen-
; Lo - _150"—: tally by strong spatial distortions of the output beam: some
N ; : filaments blur and spread spatially, which indicates strong
s I /0 NC o] E -100n focusing of the beam within the crystal. The spectrum of
E i ] ] these collapsed filaments broadens significantly and develops
g = S5l g 60m some structurdFig. 11). For AkL~ — 607 collapse is ob-
n 2 F 3
g ] F 3 served forl ,>8.5 GW/cnf.
TE 1 a2 Varying the phase mismatch while maintaining fixed in-
M L Tnput ] tensity produces a qualitatively similar trend. As an example,
_ ; : measurements made with~8.5 GW/cnf are shown in Fig.
" J 14. For|AKL|=100m, the cascade phase shift is small, so

79-0 7I95 8(‘)0 8(‘)5 8‘10 8‘15 820 79-0 7‘95 8:)0 8:)5 8‘10 8I15 8-20 . . .
Wavelength (nm) Wavelength (am) the pulse broadens in time and space. As the phase mismatch

is reduced in magnitude, the pulse narrows in space and
FIG. 14. Temporal, spatial, and spectral profiles of FH pulses atime, and then broadens in time at very small phase mis-
exit face of the crygtal With_indicated_phase mism{;\tches at intensitynatch_ The pulse duratiofbeam waistreaches a minimum
I<=A8kLG<\N_/c7n5?T.r Notice the increase in spectral width fer100m= of 95 fs (70 wm) at AkL=— 60, and then goes to 180 fs
: (~60 um) at AKkL= —40s. Through this range the pulse
spectra are single peaked, but broaden by a factor &f
dence of the spatial frequency of the filaments agrees qualbver the range- 1007 <A/kL< — 75 before narrowing at
tatively with theoretical predictions for Tl-induced breakup small phase mismatch. If we adjuskL closer to zero start-
[49]. Numerical simulations also show similar qualitative ing from conditions that produce stable STS'’s, we again ob-
trends. Therefore, we attribute the filamentation to TI. Theserve filamentation of the beam. These results largely agree
use of angular dispersion in our experiment should presumwith calculations (Fig. 14). The apparent discrepancy in
ably preclude the formation of full 3D STS's: as the fila- pulse duration between the calculations and experiment for
ments propagate, their constituent wavelengths are spread60m<AkL<—407 is due to the space-time asymmetry
spatially by the angular dispersion. To verify this, we com-imposed by GVM and Tl-induced breakup; the filaments at-
bined the 25- and 17-mm BBO crystals and studied thdract energy from their surroundings. This is a full three-
propagation of the filaments over longer lengths. Initial ob-dimensional process and is thus not treated correctly by two-
servations show dimension broadening of the filaments by dimensional simulations.
an amount commensurate with the angular dispersion re- The breakup of the STS’s due to Tl was also observed in
quired for APM. Hence the angular dispersion influences thexperiments with LilQ. For a given phase mismaitch, the
propagation of the filaments following breakup, but does nothreshold intensity for flamentation is somewhat higher than
impede the Tl-induced breakup itself. A more detailed treatin BBO. We believe that this is another consequence of the
ment, along with a discussion of other interesting aspects 6fPA at 400 nm in LilQ. The higher threshold intensity for
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Tl in LilO 3 permits the study of STS formation over a wider of researcherf51-53. The region of theAkL-1, plane over

range of intensities than is possible with BBO. which STS’s form has the shape expected theoretically for
Generally, 2D STS’s are theoretically unstable againsttkL<0 [52]. The calculations neglect dispersion, and thus

collapse due to the Kerr nonlinearity or the transverse instacannot predict the boundary that arises from GVM. Theoreti-

bility. For large enough phase mismatétr high enough cally, it is also possible to observe STS's with a self-

intensity, the x® nonlinearity will dominate, and self- defocusing Kerr nonlinearity partially compensating the cas-

focusing collapse is expected. The critical power for oneade nonlinearity to produce net self-focus(izg].

dimensional self-focusing by the Kerr nonlinearity~s100

GW/c_m2 in BBO. Under the conditions of the experi_me_nts VIl. CONCLUSION

described herel{=<10 GW/cnf), the Kerr phase shift is

<10% of the cascade phase shift. Thus, Kerr self-focusing is The experimental work presented here outlines the condi-

not a major impediment to the production of 2D STS’s.tions of input-pulse intensity and phase mismatch under

However, at large phase mismatch it can contribute to colwhich STS’s are produced, and these agree generally with

lapse of the filaments that arise from the transverse instabitheoretical predictions and particularly with numerical calcu-

ity. For —100m<AkL<—40m, the cascade nonlinearity lations of the pulse propagation. Theoretically predicted

dominates the Kerr nonlinearity. walking solitons exist experimentally for large group-
Finally, for —40m<AkL<O0, STS'’s are not observed re- velocity mismatch [ps/Lgym~3), and we believe that

gardless of intensity(for intensities below the damage somewhat larger group-velocity mismatch can be tolerated.

threshold of BBQ. This boundary is roughly consistent with Transverse instability significantly limits the conditions un-

our criterion[Eq. (2)] for the phase mismatch needed to sup-der which STS’s can be observed experimentally, although it

press the effects of GVM. Closer to phase matching, the FHs possible that this can be managed to some extent by choice

and SH pulses may move apart in time before mutual trapof the input-beam shape. On the positive side, the instability

ping can take place. may provide an appealing way to generate fully confined 3D
A map of the values of intensity and phase mismatch thaBTS's. Future work will address this issue.

produce distinct pulse evolutions can be compiled from mea-

surements sir_nilar to thc_)se described above, and such a map ACKNOWLEDGMENTS
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