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from the Modulation of Light Waves
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The interplay of natural and self-induced birefringence leads to a nonlinear polarization symm
breaking in the process of parametric four-photon scattering. The polarization instability was ind
by mixing pump and probe light beams into an optical fiber, and the polarization dependent gene
of ultrahigh repetition rate (200 GHz) solitonlike pulse trains was observed in the regime of no
group-velocity dispersion. [S0031-9007(97)03598-9]

PACS numbers: 42.65.Tg, 42.65.Re, 42.65.Sf, 42.81.Dp
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Bifurcations of a potential function associated wi
a macroscopic physical system close to thermodyna
equilibrium lead to the emergence of new stable pattern
spatiotemporal structures [1]. The description of comp
continuous systems in terms of a single potential entai
reduction of the dynamics to the interaction between a
degrees of freedom. Close to the instability threshold fo
given mode, the other modes may be considered slave
it. A well-known mechanism of pattern formation is th
Benjamin-Feir modulational instability (MI) [2] of wave
trains against a low-frequency perturbation. MI leads
the disintegration of wave trains in deep water [2], se
filamentation [3], or modulation [4] of Langmuir waves
plasmas [5] and light waves in optical dielectrics [6].

MI may be induced into an optical fiber by mixin
two laser sources: in the anomalous dispersion regi
trains of solitons with THz repetition rates were genera
more than ten years ago [7]. In the normal dispers
regime, MI may also be observed through cross-ph
modulation between two copropagating pump waves
different color [8,9] or polarization [10,11]. Tempora
instabilities and polarization symmetry breaking are a
observed with counterpropagating optical beams [1
In low-birefringence fibers, instability to low-frequenc
polarization modulations occurs only for beam powe
above a certain threshold value. Taking the field intens
as an independent variable, polarization MI is a signat
of a pitchfork bifurcation or second-order phase transit
for the state of polarization of light in the nonlinea
medium [13]. Indeed, previous experiments reveale
polarization asymmetric MI gain in optical fibers [14
Nevertheless, the issue whether polarization MI mig
lead to solitonlike pulse train generation in the norm
dispersion regime was not yet explored. In this wo
we observe a striking manifestation of light-activat
polarization symmetry breaking. The experiments sho
we believe for the first time, that induced polarizatio
MI generates ultrahigh repetition rate trains of solitonli
pulses in the regime of normal dispersion of a nonlin
dispersive dielectric.
0031-9007y97y79(4)y661(4)$10.00
ic
or
x
a

w
a
to

to
f-

e,
d
n
se
of
l
o
].

rs
ity
re
n

r
a

.
ht
l

k
d
w,
n
e
ar

In the presence of a nonlinear polarizationPNL ­
xfsE ? EpdE 1 s1y2d sE ? EdEpg of third order in the
electric fieldE ­ fxusz, td 1 yysz, tdgfsx, ydexph2ivtj
[fsx, yd is a given transverse field profile], Maxwell’s
equations lead to two coupled nonlinear Schröding
equations for the propagation of polarized light in optic
fibers [10]. With dimensionless units and in a referen
frame that rotates with the fiber’s axes along the propa
tion direction at a rate ofg radians per unit length, one
obtains
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for the two orthogonal polarization componentsu and
y. Here b ­ 61y2 for normal or anomalous group-
velocity dispersion (GVD), respectively,D represents
linear birefringence, anda ­ gs2 2 gd, whereg . 0.14
is the twist-induced optical activity.

Consider first the twistlessa ­ 0 case for simplicity.
Polarization modulational instability [11] may be describe
with the help of the projectionusj, td ­ A0sjd, ysj, td ­p

2 A1sjdcossVtd from the infinite-dimensional system o
partial differential equations (1) onto a single anharmon
oscillator equation for the spatial evolution of the comple
amplitudesA0 andA1 [15]. One obtains

dS
dj

­ fVL 1 VNLsSdg 3 S (2)

for the Stokes vectorS ; sS1, S2, S3d with compo-
nents S1 ­ jA0j

2 2 jA1j
2, S2 ­ Ap

0A1 1 c.c., and S3 ­
iAp

0A1 1 c.c., whereasVL ­ sm, 0, 0d andVNL ­ fs3S0 2

7S1d, 24S2, 4S3gy12, with m ; bV2 1 D. The invariants
S0 ­ jA0j

2 1 jA1j
2 and G ­ 7S2

1 1 4S2
2 2 4S2

3 2 6s4m 1

1dS1 permit us to reduce Eq. (2) to the one-dimension
© 1997 The American Physical Society 661
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motion of an equivalent particle in a potential well. A
symmetry-breaking bifurcation of the pump beam [i.e
the eigenmodeS1 ­ S0, S2 ­ S3 ­ 0 of Eq. (2)] leads
to an unstable saddle point in the potential whenev
0 , msD, VdyS0 , 2y3. The signature of this instability
is the exponential growth (with a spatial rate, or gai
G) of optical intensity into the side modes of frequenc
detuningsV within a certain range. The expression fo
m shows that, in the normal dispersion regime, a pum
beam may be modulationally unstable with eitherD , 0
(slow mode) orD . 0 (fast mode). In the last case, th
pump powerP0 must be larger than a threshold valu
Pt ; 3Dy2R, whereR ­ 2pn2ylpAeff, lp is the pump
wavelength,n2 is the nonlinear refractive index, and
Aeff ­ f

R
j fj2 dx dyg2y

R
j fj4 dx dy is the effective area

of the fiber mode. In fact, linearization of Eq. (2) in th
plane tangent to the pump eigenmode leads to the
intensity gainG ­ 2fms2S0y3 2 mdg1y2.

Figure 1 illustrates the frequency dependence ofG
in real units, for the experimental conditions describe
below, and the pump powerP ­ 112 W. Here the solid
and dashed curves are obtained for a pump align
with the slow or the fast axis of the birefringent fibe
respectively. As can be seen, the polarization symme
breaking leads to nonoverlapping, strongly asymmet
gain profiles.

The experimental apparatus for observing the induc
modulational polarization instabilities is shown in Fig. 2
Quasi-cw operation was achieved by using nanoseco
pulses. The pump beam was delivered by a cw tu
able ring dye laser, subsequently amplified by a thre
stage dye cell. The dye amplifier was in turn pumpe
by a frequency-doubled, injection-seeded andQ-switched
Nd:YAG laser (at the wavelengthl ­ 532.26 nm), oper-
ating at a repetition rate of 25 Hz. The signal was o
tained by frequency shifting an intense beam (1 MW pe
power) from the Nd:YAG laser. The frequency shift re
sulted from the self-stimulated Raman effect taking pla
in a gas sample. The gas was carbone dioxide at a p
sure of 1.7 3 105 Pa, and the first Stokes wave, shifte
by 1388 cm21 (41.64 THz,n1 band) from the input laser,
was filtered with a direct vision prism (DVP). The powe

FIG. 1. Modulational instability gain vs frequency detuning o
sidebands from the pump: solid (dashed) curve for slow (fa
axis excitation.
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threshold for Raman scattering was reduced by using
multiple-pass cell (MPC) with 25 passes. The 4 ns pum
beam pulses were sent into an optical delay line (OD
for their synchronization with the 2 ns signal pulses. O
thogonally polarized pump and signal of adjustable pow
were obtained through a half-wave plate and two Gla
laser polarizers (P) followed by a set of neutral-densi
filters (F). In the experiment, the pump wavelength wa
tuned aroundlp ­ 575 nm, whereas the signal was fixed
at ls ­ 574.746 nm. Pump and signal beams were com
bined by a beam splitter (BS) and focused with a403

microscope objective (MO) in 6.8 m of ultralow birefrin-
gence spun fiber, with a cutoff wavelength of 470 nm an
a nominal linear retardance of less than 1±. The relatively
short length of fiber used in the experiment led to neg
gible pump depletion owing to stimulated Raman scatte
ing. The fiber dispersion atlp coincides with the fused
silica valuek00 ­ 0.06 ps2 m21. A weak linear fiber bire-
fringence was introduced by winding the fiber onto a spo
with a diameterd ­ 2R ­ 14.5 cm: this induces a lin-
ear birefringencedn ­ lpyLb ­ 0.133sryRd2 . 1027,
wherer ­ 62.5 mm is the fiber cladding radius andLb ­
5.8 m is the resulting beat length. The fiber effective are
Aeff ­ 1.5 3 10211 m2 was determined from the mea
surement of the far-field distribution. By combining thes
data with the silica value of the nonlinear refractive inde
n2 ­ 3.2 3 10220 m2 W21, one obtains a threshold powe
Pt ­ 70 W for the MI of the fast fiber mode. We inserted
a half-wave plate in front of the MO for the control of the
orientation of the two orthogonal input beams with respe
to the fiber birefringence axes. At the fiber output, th
beam was collimated and split into two parts. A first pa

FIG. 2. Schematic diagram of the experimental apparatus
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was used to measure the peak power of each laser b
whereas the second part was sent into a 50 cm spectro
ter with a resolution of better than 0.04 nm. The optic
signal was recorded by a photomultiplier and then samp
and averaged by a boxcar integrator.

The orientation of the fiber axes was determined by
following procedure [16]. The power of the orthogon
pump and signal (with a given frequency detuning
say, 0.3 THz) was fixed, and their orientation with resp
to the fiber axes was controlled by rotating the ha
wave plate at the fiber input. The optical intensity of t
generated idler at the wavelengthli was then measured
Figure 3(a) shows the variation of the idler intensity for
full turn of the pump polarization. The pump and sign
peak powers were equal to 112 and 1.1 W, respectiv
Since the slow fiber mode was stable under the ab
input conditions, its direction may be identified with th
absolute minimum of idler intensity. On the other han
Fig.3(b) confirms that the position of the fast axis m
also be obtained [besides from a simple 90± rotation
away from the slow axis as determined from Fig. 3(a
from the minima of the generated idler intensity with
signal detuning increased up to 1.2 THz. In the abse
of fiber axes twisting, the generated idler intensity h
a mirror symmetry with respect to the axes position
The asymmetric polarization dependence of the gain
Fig. 3(a) indicates the presence of a moderate amoun
twist.

For a quantitative evaluation of the twist contribution
the linear fiber birefringence, we numerically calculat
the polarization dependence of the MI gain directly
linearizing Eqs. (1) about the pump. In fact, for a
arbitrary orientation of the pump polarization with respe
to the birefringence axes, upper and lower sidebands h

FIG. 3. Intensity (logarithmic scale) of the generated idler
pump angle, for a pump power of 112 W and signal detun
of (a) 0.3 and (b) 1.2 THz.
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nonvanishing components on both axes. By applyi
the Floquet method to the resulting spatially varyin
(owing to pump nonlinear polarization rotation) linearize
system of equations for the four sidebands one obta
the effective MI gainG ­ 2 lnsjLjdyL over the fiber
length L. Here L is the largest modulus eigenvalue
of the principal solution matrix associated with th
linearized sideband equations. A comparison betwe
this computation (taking into account the averaging
the gain G over the intensity profile of the pulsed
pump and signal) and the results of Fig. 3 show a go
qualitative agreement. The only fitting parameter in th
computation was the twist rate: one obtains a small tw
of 0.08 radym.

The determination of the fiber axes directions permitte
a clear observation of polarization symmetry breaking
predicted by the theory (see Fig. 1). To this end, w
aligned the polarization of the pump with either the slo
or the fast fiber axis, and we scanned the spectral inten
of the waves emerging from the fiber. Figure 4 show
measured output light spectra with a signal frequen
detuning of 1.2 THz, and a pump (of powerP ­ 112 W)
parallel to either the fast [Fig. 4(a)] or the slow [Fig. 4(b)
axis. As can be seen, in agreement with the predictio
of Fig. 1, the stability of the fast fiber mode prevents
transfer of photons from the pump into the signal and t
idler. On the other hand, for slow mode pumping th
signal falls into the MI gain bandwidth: as a result, a dee
polarization modulation of the pump wave is observe
We observed that, for slow axis pumping, the outp
sidebands remain essentially orthogonally polarized to t
pump on the slow mode, which justifiesa posteriori the
validity of the ansatz that leads to Eq. (2). Moreove

FIG. 4. Output spectral intensities (logarithmic scale) with th
pump polarized along either the fast axis (a) or the slow ax
(b). The pump power is 112 W and probe frequency detuni
is 1.2 THz. (c),(d) As in (a),(b), with a probe detuning o
0.3 THz.
663
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FIG. 5. As in Fig. 4, with a pump power of 268 W and th
probe detuning of 0.23 THz.

no higher-order sidebands are produced, owing to
relatively narrow width of the parametric of MI gain curv
(see Fig. 1).

Figures 4(c)–4(d) show that the portrait of the instab
ity is drastically altered if the signal frequency detunin
from the pump is reduced down to 0.3 THz. In fact, i
this case (see Fig. 1) the slow mode is stable whereas
fast mode is unstable, which leads to the strong nonlin
development of polarization modulations in Fig. 4(c). A
can be seen, the modulated waves capture a large frac
of the pump energy. Figure 1 also shows that both t
first and the second harmonic of the initial modulation fa
within the relatively flat MI gain bandwidth, which en-
hances the conversion into a cascade of higher-order s
bands. The polarization state of these modulated wa
no longer remains orthogonal to the pump, which ind
cates that the nonlinear dynamics of the multimode wa
mixing with fast mode excitation may be properly de
scribed by higher-order finite-dimensional mode trunc
tions. Finally, Fig. 4(d) confirms that the slow mode
stable with respect to the injected signal.

The MI-induced breakup of an intense beam into a tra
of ultrashort solitary wave pulses is well displayed by th
results of Fig. 5(a), where the pump power on the fast a
was increased up to 268 W, and the signal power w
1.9 W. Basic Fourier transform considerations indica
that the nearly triangular (in a logarithmic scale) envelo
of the comb associated with the spectral intensity of t
pulse train involves wave-front durations of the order
400 fs. Figure 5(b) shows that a rotation of the pump p
larization by 90± leads to spontaneous (i.e., noise-induce
MI, along with significant pump spectral broadening ow
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ing to self-phase modulation. In the present experimen
the ratio of pump to signal power was kept in the range
100–140. For smaller pump to signal power ratios, t
large-signal theory of four-wave mixing in birefringen
fibers predicts strong deviations of the effective MI ga
from the linearized stability analysis values [17]: exper
mental studies of this effect will be reported elsewhere.

In conclusion, these observations provide a clear e
dence of light-activated polarization symmetry breakin
in the propagation of modulated waves in a nonline
birefringent dielectric. By inducing polarization MI, we
could generate high-repetition rate (0.2–0.3 THz) sub
cosecond pulse trains in a normally dispersive nonline
medium.
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