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The interplay of natural and self-induced birefringence leads to a nonlinear polarization symmetry
breaking in the process of parametric four-photon scattering. The polarization instability was induced
by mixing pump and probe light beams into an optical fiber, and the polarization dependent generation
of ultrahigh repetition rate (200 GHz) solitonlike pulse trains was observed in the regime of normal
group-velocity dispersion. [S0031-9007(97)03598-9]
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Bifurcations of a potential function associated with In the presence of a nonlinear polarizati®y, =
a macroscopic physical system close to thermodynamig[(E - E*)E + (1/2) (E - E)E*] of third order in the
equilibrium lead to the emergence of new stable patterns alectric fieldE = [xu(z,t) + yv(z, 1)]f (x, y)exp—iwt}
spatiotemporal structures [1]. The description of compleXf(x,y) is a given transverse field profile], Maxwell's
continuous systems in terms of a single potential entails aquations lead to two coupled nonlinear Schrédinger
reduction of the dynamics to the interaction between a fevequations for the propagation of polarized light in optical
degrees of freedom. Close to the instability threshold for dibers [10]. With dimensionless units and in a reference
given mode, the other modes may be considered slaved frame that rotates with the fiber's axes along the propaga-
it. A well-known mechanism of pattern formation is the tion direction at a rate of radians per unit length, one
Benjamin-Feir modulational instability (MI) [2] of wave obtains

trains against a low-frequency perturbation. Ml leads to du 9u A i

the disintegration of wave trains in deep water [2], self- l% TPy + U + HY
filamentation [3], or modulation [4] of Langmuir waves in

plasmas [5] and light waves in optical dielectrics [6]. - <|u|2 + £|U|2>M — lv2u*,

Ml may be induced into an optical fiber by mixing 3 3 1
two laser sources: in the anomalous dispersion regime, v 9%v A ia 1)
trains of solitons with THz repetition rates were generated l% TPo2 T v Ty
more than ten years ago [7]. In the normal dispersion
regime, Ml may also be observed through cross-phase - <|v|2 + £|M|2>v — luzv*’
modulation between two copropagating pump waves of 3 3

different color [8,9] or polarization [10,11]. Temporal o the two i)rtj:ogonal polarization componentsand
instabilities and polarization symmetry breaking are alsg’: Here 8 = *1/2 for normal or anomalous group-
observed with counterpropagating optical beams [12]VelocCity dispersion (GVD), respectively represents
In low-birefringence fibers, instability to low-frequency lIn€ar birefringence, and = y(2 — ¢), whereg = 0.14
polarization modulations occurs only for beam powerdS the twist-induced optical activity. o
above a certain threshold value. Taking the field intensity Consider first the twistlesa = 0 case for simplicity.
as an independent variable, polarization Ml is a signaturgOIa”Zat'on modulational instability [11] may be described
of a pitchfork bifurcation or second-order phase transitio

Awith the help of the projection(¢, 7) = Ao(§), v(é.7) =
for the state of polarization of light in the nonlinear \/541(5)_005(97) from the infinite-dimensional system of
medium [13]. Indeed, previous experiments revealed partial differential equations (1) onto a single anharmonic

polarization asymmetric MI gain in optical fibers [14]. oscillator equation for the spatial evolution of the complex

Nevertheless, the issue whether polarization MI migh@mMPplitudesdo andA, [15]. One obtains

Ie_ad to_soliton_like pulse train generation in the_normal as _ [Q, + On(S)] X S )
dispersion regime was not yet explored. In this work dé¢

we observe a striking manifestation of light-activatedfor the Stokes vectorS =(Sy,S,,53) with compo-
polarization symmetry breaking. The experiments shownents §; =|A|*> — |A;|?, S, =ApA; +c.c, and S3=

we believe for the first time, that induced polarizationiAyA, + c.c., wherea€d, = (u,0,0) and Qnp =[(3So —

MI generates ultrahigh repetition rate trains of solitonlike7S,), —4S,,453]/12, with u = Q2 + A. The invariants
pulses in the regime of normal dispersion of a nonlineasS, = [4o|*> + |A;|> and T =7S% + 4S§ — 4S§ —6(4u +
dispersive dielectric. 1)S; permit us to reduce Eq. (2) to the one-dimensional
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motion of an equivalent particle in a potential well. A threshold for Raman scattering was reduced by using a
symmetry-breaking bifurcation of the pump beam [i.e.,multiple-pass cell (MPC) with 25 passes. The 4 ns pump
the eigenmodeS; =Sy, S>=S3=0 of Eg. (2)] leads beam pulses were sent into an optical delay line (ODL)
to an unstable saddle point in the potential whenevefor their synchronization with the 2 ns signal pulses. Or-
0< (A, Q)/Sy<2/3. The signature of this instability thogonally polarized pump and signal of adjustable power
is the exponential growth (with a spatial rate, or gain,were obtained through a half-wave plate and two Glan
G) of optical intensity into the side modes of frequencylaser polarizers (P) followed by a set of neutral-density
detunings() within a certain range. The expression for filters (F). In the experiment, the pump wavelength was
n shows that, in the normal dispersion regime, a pumguned around\, =575 nm, whereas the signal was fixed
beam may be modulationally unstable with eitder< 0 at A, = 574.746 nm. Pump and signal beams were com-
(slow mode) orA > 0 (fast mode). In the last case, the bined by a beam splitter (BS) and focused withlGx
pump powerP, must be larger than a threshold value microscope objective (MO) in 6.8 m of ultralow birefrin-
P, = 3A/2R, whereR = 2mny/A,Aett, A, iS the pump  gence spun fiber, with a cutoff wavelength of 470 nm and
wavelength,n, is the nonlinear refractive index, and a nominal linear retardance of less than The relatively
Aeit = [[| fI?dx dy?/ [| f|* dx dy is the effective area short length of fiber used in the experiment led to negli-
of the fiber mode. In fact, linearization of Eq. (2) in the gible pump depletion owing to stimulated Raman scatter-
plane tangent to the pump eigenmode leads to the Mihg. The fiber dispersion at, coincides with the fused
intensity gainG = 2[u1(250/3 — w)]"/2. silica valuek” =0.06 ps m~!. A weak linear fiber bire-
Figure 1 illustrates the frequency dependenceGof fringence was introduced by winding the fiber onto a spool
in real units, for the experimental conditions describedwith a diameterd = 2R = 14.5 cm: this induces a lin-
below, and the pump powdt = 112 W. Here the solid ear birefringencedn = A,/L, = 0.133(r/R)* = 1077,
and dashed curves are obtained for a pump alignedherer = 62.5 um is the fiber cladding radius arg, =
with the slow or the fast axis of the birefringent fiber, 5.8 m is the resulting beat length. The fiber effective area
respectively. As can be seen, the polarization symmetri.;r = 1.5 X 10~!! m*> was determined from the mea-
breaking leads to nonoverlapping, strongly asymmetricsurement of the far-field distribution. By combining these
gain profiles. data with the silica value of the nonlinear refractive index
The experimental apparatus for observing the induced, = 3.2 X 1072° m> W™, one obtains a threshold power
modulational polarization instabilities is shown in Fig. 2. P, = 70 W for the Ml of the fast fiber mode. We inserted
Quasi-cw operation was achieved by using nanosecona half-wave plate in front of the MO for the control of the
pulses. The pump beam was delivered by a cw tunerientation of the two orthogonal input beams with respect
able ring dye laser, subsequently amplified by a threeto the fiber birefringence axes. At the fiber output, the
stage dye cell. The dye amplifier was in turn pumpecbeam was collimated and split into two parts. A first part
by a frequency-doubled, injection-seeded @hdwitched
Nd:YAG laser (at the wavelength = 532.26 nm), oper-
ating at a repetition rate of 25 Hz. The signal was ob-

tained by frequency shifting an intense beam (1 MW peak Nsdif‘g‘:é“lzcs‘:r Three stage oble
power) from the Nd:YAG laser. The frequency shift re- "532 om dye amplifier dye laser
sulted from the self-stimulated Raman effect taking place il
in a gas sample. The gas was carbone dioxide at a pres- A
sure of 1.7 X 10° Pa, and the first Stokes wave, shifted i
by 1388 cm™! (41.64 THz,», band) from the input laser,
was filtered with a direct vision prism (DVP). The power
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FIG. 1. Modulational instability gain vs frequency detuning of \ M [ /

sidebands from the pump: solid (dashed) curve for slow (fast)
axis excitation. FIG. 2. Schematic diagram of the experimental apparatus.
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was used to measure the peak power of each laser beamgnvanishing components on both axes. By applying
whereas the second part was sent into a 50 cm spectromiéte Floquet method to the resulting spatially varying
ter with a resolution of better than 0.04 nm. The optical(owing to pump nonlinear polarization rotation) linearized
signal was recorded by a photomultiplier and then sampledystem of equations for the four sidebands one obtains
and averaged by a boxcar integrator. the effective MI gainG = 2In(|A|)/L over the fiber
The orientation of the fiber axes was determined by théength L. Here A is the largest modulus eigenvalue
following procedure [16]. The power of the orthogonal of the principal solution matrix associated with the
pump and signal (with a given frequency detuning of,linearized sideband equations. A comparison between
say, 0.3 THz) was fixed, and their orientation with respecthis computation (taking into account the averaging of
to the fiber axes was controlled by rotating the half-the gain G over the intensity profile of the pulsed
wave plate at the fiber input. The optical intensity of thepump and signal) and the results of Fig. 3 show a good
generated idler at the wavelengih was then measured. qualitative agreement. The only fitting parameter in the
Figure 3(a) shows the variation of the idler intensity for acomputation was the twist rate: one obtains a small twist
full turn of the pump polarization. The pump and signal of 0.08 ragd'm.
peak powers were equal to 112 and 1.1 W, respectively. The determination of the fiber axes directions permitted
Since the slow fiber mode was stable under the abova clear observation of polarization symmetry breaking as
input conditions, its direction may be identified with the predicted by the theory (see Fig. 1). To this end, we
absolute minimum of idler intensity. On the other hand,aligned the polarization of the pump with either the slow
Fig.3(b) confirms that the position of the fast axis mayor the fast fiber axis, and we scanned the spectral intensity
also be obtained [besides from a simple® Q@tation of the waves emerging from the fiber. Figure 4 shows
away from the slow axis as determined from Fig. 3(a)Jmeasured output light spectra with a signal frequency
from the minima of the generated idler intensity with adetuning of 1.2 THz, and a pump (of powBr= 112 W)
signal detuning increased up to 1.2 THz. In the absencparallel to either the fast [Fig. 4(a)] or the slow [Fig. 4(b)]
of fiber axes twisting, the generated idler intensity hasaxis. As can be seen, in agreement with the predictions
a mirror symmetry with respect to the axes positionsof Fig. 1, the stability of the fast fiber mode prevents a
The asymmetric polarization dependence of the gain itransfer of photons from the pump into the signal and the
Fig. 3(a) indicates the presence of a moderate amount adler. On the other hand, for slow mode pumping the
twist. signal falls into the MI gain bandwidth: as a result, a deep
For a quantitative evaluation of the twist contribution to polarization modulation of the pump wave is observed.
the linear fiber birefringence, we numerically calculatedWe observed that, for slow axis pumping, the output
the polarization dependence of the MI gain directly bysidebands remain essentially orthogonally polarized to the
linearizing Egs. (1) about the pump. In fact, for anpump on the slow mode, which justifi@sposteriorithe
arbitrary orientation of the pump polarization with respectvalidity of the ansatz that leads to Eq. (2). Moreover,
to the birefringence axes, upper and lower sidebands have
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FIG. 3. Intensity (logarithmic scale) of the generated idler vs(b). The pump power is 112 W and probe frequency detuning
pump angle, for a pump power of 112 W and signal detunings 1.2 THz. (c),(d) As in (a),(b), with a probe detuning of
of (a) 0.3 and (b) 1.2 THz. 0.3 THz.
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ing to self-phase modulation. In the present experiments,
the ratio of pump to signal power was kept in the range of
100-140. For smaller pump to signal power ratios, the
large-signal theory of four-wave mixing in birefringent
fibers predicts strong deviations of the effective Ml gain
from the linearized stability analysis values [17]: experi-
mental studies of this effect will be reported elsewhere.

In conclusion, these observations provide a clear evi-
dence of light-activated polarization symmetry breaking
in the propagation of modulated waves in a nonlinear
birefringent dielectric. By inducing polarization Ml, we
could generate high-repetition rate (0.2—0.3 THz) subpi-
cosecond pulse trains in a normally dispersive nonlinear
medium.
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