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Two counterpropagating intense light beams linearly polarized along the fast axis of a
birefringent fiber may constitute a spatially unstable polarization eigenarrangement. Chaotic be-
havior in the steady-state polarization evolution of the waves occurs for input powers in a certain
interval of values. By evaluating Lyapunov exponents we show intermittent trapping of irregular
trajectories around regular islands. The characteristic length scale of this spatial disorder is typi-

cally of the order of one beat length.

The field of instabilities and chaos in nonlinear optical
media has been rapidly growing over the past years.! It
has been recently discovered that the coherent coupling
between copropagating waves in a nonlinear medium may
originate spatially unstable nonlinear eigensolutions.?~’
Predicted self-switching of the polarization state at the
output of a birefringent fiber has been recently experi-
mentally observed by raising the input power across the
instability threshold.® In the presence of longitudinal in-
homogeneities such as periodic perturbations to the fiber
birefringence, the coupling is modeled by a nonauto-
nomous one-degree-of-freedom nonlinear system which
exhibits chaos.’

In this work we consider two arbitrarily polarized in-
tense beams counterpropagating in a birefringent Kerr-
type medium. On traversal through an isotropic Kerr
medium, beams of different intensity and linearly polar-
ized along the same direction (or constituting a non-
linear eigenpolarization arrangement®) experience a
power-dependent nonreciprocal phase shift.>~!" This
may substantially affect the operation of devices such as
fiber-optic gyroscopes.!? For beams possessing a generic
input polarization state, field components along orthogo-
nal axes suffer different nonlinear retardations, which en-
tails nonreciprocal polarization changes.’* For non-
birefringent media, it has been shown that this effect

J
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may induce an intrinsic spatial instability in the collinear
degenerate four-wave-mixing (DFWM) process.>!?

In a monomode fiber, unavoidable deviations from cir-
cularity of the core or external perturbations such as
winding on a coil lift the ideal degeneracy in the propa-
gation constants of two orthogonal linearly polarized
(low-power) eigenmodes, and a relatively weak linear
birefringence results. In order to overcome the resulting
light depolarization, a dominant birefringence with
well-defined principal axes can be directly built into the
fiber. Consider the effect of a slight misalignment from
the fiber axes of two counterpropagating waves linearly
polarized at the respective input ends. The linear phase
shift between the modes combines itself with a self-
induced ellipse rotation'* and an additional nonlinear
birefringence due to the counterpropagating wave.!> We
show how, for a critical range of input powers, the com-
petition of these effects may lead to spatial disorder in
the polarization state of the waves, even for equally in-
tense beams. Abrupt transition from quasiperiodic to
chaotic (and vice versa) evolutions may occur after an
unpredictable distance. To our knowledge, this is the
first example of spatial intermittency.

The total electric field (at optical frequency w,) along
the propagation distance z can be written as

E(r,z,t)= 3 {E; (z)exp[ —i(—1VB,z]x+E (z)exp[ —i (—1}B,z]y} f(r)exp( —iwyt) . (1)

j=1

We denote with f(r) the common field distribution in the transverse (x,y) plane of the two nearly degenerate linear
modes, with propagation constant B, and B, respectively. The four waves in Eq. (1) are coupled by the third-order

nonlinear polarizability'*

P®=A(E-E*)E+(B'/2)(E-E)E* ,

(2)

where A =6X;,(wp; w0, w0, —@g) and B’ =6X5,,(wg; 00,0, —wy). In the slowly-varying-envelope approximation, the

mode amplitude E,,(E,,) obeys the system

i(—1VdE;, /dz=R{(|E}, |*+2|E;_j, | DE;,; +(1—=B/2)( | E}; | *+ | E;3_jx | DE},
+BE,E;_jEf_j),+(1—B/2)E E;_;,El_jcexp[—i(—1Y2ABz]
+(B/2)ELE}expl —i(—1Y2ABz1} , 3)
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where AB=pB,—PB,, R =kon,4w10'/ncAs, n, (ny)
is the nonlinear (linear) refractive index, A.
=( ffzdr)z/f f*dr, and B=B'127w/nn,. The equa-
tions for the amplitudes E;, are obtained from (3) by ex-
changing x with y and A with — A throughout. From
Egs. (3) one obtains that the powers in the two beams
PIEE%X—f—E%y and P, EE%x%—E%y are separately con-
served. The existence of a third invariant of Egs. (3)
leads to showing that the polarization evolutions of the
waves are generated by a two-degree-of-freedom Hamil-
tonian.'> Since we will be only concerned here into nu-
merically investigating the stochasticity transition, we
adopt the Stokes vector formalism,>! that allows for
substantial reduction of complexity in the dynamic equa-
tions.
Rewriting Eq. (3) in terms of the Stokes parameters

So=|E |*+|E,|% Si=|E [*—|E, |,
S, =2Re[E | Ef,exp(iABz)], (4)
Sy=2Im[E E}expidBz)],

and similarly associating Wy, W, W,, W, with E,, and
E,,, one obtains

dSO/dZ=0, dW()/dZZO,
dS/dz=[Q(S+2W)+Q, XS, (5)
dW /dz=WX[Q, + QW 2S)],

with S=(S,,S,,S;), and W=(W,W,,W;). Further,
Q, =(AB,0,0) represents linear birefringence, while
Q(x)=(R/2)X(1+B/2)x,, (1+B/2)x,,(1 =3B /2)x;) is
associated with light-induced birefringence.

For low power beams, the only eigenpolarizations (i.e.,
the fixed points of Egs. (5), defined by dS/dz
=dW /dz=0) are S=(£S5,,0,0) and W=(£W,,0,0),
which represent waves linearly polarized along fiber
principal axes. Define the normalized powers
p12=P,,/P.=R(1+B/2)P,,/2A3 and take p;>p,.
As

pi+p2>+ and py—py <+, (6)

the point S=(—S5,0,0), W=(— W,,0,0) become unsta-
ble and two new stable eigenarrangements of linearly po-
larized waves occur. The forward field is oriented at

O,=(Ltan~'[(1—fH)!2/f] (7)

with respect to the fast axis, with
f=p,—p3/pi+1/(4p,). For the backward propaga-
ting beam, ©, [obtainable from Eq. (7) by interchanging
subscripts in f] is measured from the fast axis in the
counterrotating direction with respect to ©,. In particu-
lar, whenever p;, =p, =p =P /P, the arrangement orient-
ed along the fast axis bifurcates for p >, and
[6,| =6, =Litan"!(16p?—1)"/2. Taking 4.45=10"
cm?, n, =2x 1071 esu, a beat length L, =27/AB=5m,
and A=w/2mc =1 pum, bifurcation occurs for P=14 W
coupled to a silica [B=3% (Ref. 16)] monomode fiber.

Notice that for a single beam polarized along the fast

S. TRILLO AND S. WABNITZ 36
axis polarization instability occurs for
p>(1+B /2)/2B2~% For silica, this last condition

reduces to p > 1, therefore observation of instability in
the polarization of a single beam requires twice as much
total power with respect to the case considered here.

As a consequence of this instability we will show that,
even in the particularly symmetric case of equally in-
tense beams, the solution of Egs. (5) exhibits chaotic
properties. We will focus our attention onto the relevant
case B=2. Defining s=S/P and w=W/P, Eq. (5)
reduce in explicit form to

51 =ps;ys3+2ps;w, ,
§h=—ps;53—2pssw; —S3 , (8)
53=2p (53w, —wys1)+5, ,

where primes denote differentiation with respect to the
distance { =Apz, and the derivatives for the w;’s are ob-
tainable from Egs. (8) by exchanging the sign of the
right-hand sides and s; and with w; everywhere.

In order to characterize the transition to stochasticity
in the DFWM process, we estimated the maximal
Lyapunov exponent A,, which measures the exponential
rate of divergence of nearby trajectories.!” From Egs. (8)
(and corresponding equations for the w;’s) written as
dx;/df=f;(x), j=1,...,6 one obtains the vector t
tangent to the six-dimensional evolution x({) by in-
tegrating

6
dt;/di= 3 (3f;/0x;)t;, i=1,...,6 9

i=1
which yields the local maximal Lyapunov exponent
A (Z)=(1/Z)In[||t(Z)|/]]O)||] » (10)

where Z =z /L, =¢&/2m. Figure | refers to the case of a
normalized power p =0.5, and illustrates the estimated
values of A, (Z) for five evolutions corresponding to
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FIG. 1. Maximal Lyapunov exponents A, (Z) vs

Z={/2m=z/L, for different polarization states and p =0.5.
a, [s(0);w(0)]=(—0.5,0,0.866; —0.5,0,0.866); b, (—0.5,
0,0.866; —0.4,0,0.917); ¢, (—0.98,0,0.2; —0.98, 0.2, 0);
d, (—0.9999,0.01,0.01412; —0.9999, —0.01, 0.01412); e,
(0.95, 0.1, 0.296; 0.95, —0.1, —0.296).
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different states of polarization s(0) and w(0) at the end
face Z =0 of the fiber. As can be seen, stochastic (A,
converges to positive values: cases a —c in Fig. 1) as well
as ordered (A,,—0 as 1/Z: cases d and e) evolutions
coexist at a certain fixed optical power of the beams.
Therefore, onset of chaoticity in DFWM may simply de-
pend upon the specific form of the reflectivity tensor of a
mirror with 100% intensity reflection positioned at the
fiber end face.

Figure 2 displays the power spectrum of the s; coordi-
nate of trajectory b in Fig. 1. A highly irregular spatial
frequencies content is superimposed onto a linear decay,
a behavior that is typical of chaotic solutions. Deter-
mining the scale of length for the exponential separation
of the trajectories in the x space is of primary physical
relevance. In fact, this distance sets a fundamental limit
to the length of a fiber since the chaotic exchange of
power between the fiber axes could spoil the operation of
a fiber-based four-wave mixer. Figure 3 shows
Lyapunov exponents, computed using different p and a
fixed choice of polarizations at z=0. As can be seen,
the characteristic scale for chaos (defined as z, =L, /A,,)
decreases as p grows larger, ranging from z,=1.4L, for
p=1+ down to z,=0.7L, at powers p >2. In practice,
the instability could be observable using short fibers (of
length =z_.) if the threshold power for competing non-
linear effects [such as stimulated Brillouin scattering
(SBS) induced by an individual beam] were higher than
P.. For the typical fiber parameters given above, a sam-
ple of length L =30 cm and a laser bandwidth of 1 GHz,
the SBS threshold is P, =400 W.!®* This power yields
p =0.5 using L, =26 cm (so that L /L, =z./L,). Polar-
ization chaos becomes the lower threshold power non-
linear effect (also using longer fibers or spectrally nar-
rower sources) when using SBS suppression (e.g., by
means of a thermal gradient!'®!%).

As can be seen from Fig. 3, the trajectory becomes
chaotic just above p > and is regular once again for
p >3, owing to the fact that the nonlinear birefringence
quenches the linear one. At sufficiently high powers, al-
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FIG. 2. Log power spectrum against spatial frequency
=27/ from a 23-points fast Fourier transform of the s;
component of trajectory b in Fig. 1 over the interval
0<Z <128.
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FIG. 3. Lyapunov exponents A, (Z) vs power p for initial
conditions as in case b of Fig. 1.

most all of the chaotic trajectories get trapped by regu-
lar Kolmogorov-Arnol’d-Moser (KAM) tori, topological-
ly equivalent to those of an isotropic medium [Egs. (5)
integrable as AB/R —0 (Ref. 13)].

Figure 4 shows the evolution of s; as extracted from
trajectory a, as it would be obtained by placing at Z =0
an ideal metallic mirror [i.e., only the propagation direc-
tion and therefore the wave handedness is reversed in
sign upon reflection, with no change in eccentricity of
the polarization ellipse: s,(0)=w,(0), s,(0)=w,(0), and
53(0)=w;(0)]. The polarization state, initially trapped
along an invariant torus, suddenly evolves in an erratic
way. This intermittency does not stem from numerically
generated noise, but rather constitutes a universal
feature common to a wide class of nonlinear area-
preserving systems and maps: See, for example, the
Ulam map?° (associated with the Fermi acceleration of
cosmic rays).

Figure 5 illustrates the fact that a single polarization
trajectory may alternately get captured along a KAM
torus, corresponding a Z ~! slope for the Lyapunov ex-
ponent, and then escape into chaos for an essentially
unpredictable distance. Since most of the computed evo-
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Evolution of s; as in case a of Fig. 1, against
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FIG. 5. A,,(Z) vs Z for initial polarization as in case b of

Fig. 1, and different powers. (a), p=1; (b), p=3.31; (o),
p=4;d), p=2;(e), p=3.047; (Hk p=2.272.

lutions exhibit the intermittent trapping phenomenon as
p>2, in Fig. 3 we reported maximal Lyapunov ex-
ponents relative to the chaotic subsections only [e.g., es-
timated from the top of the bumps in cases e and f of
Fig. 5].

Suppose that one slightly varies in the stochasticity in-
terval the power of an intense light beam launched into a
fiber and mirror combination. Abrupt switching of the
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intensity of one polarization component (detected
beyond an analyzer) of the back-reflected wave should be
expected as observable consequence of the exponential
separation along the fiber sample of nearby polarization
trajectories.’

It is interesting to point out that scalar models for
counterpropagating fields in nonlinear distributed feed-
back structures predict flat plateaus of the transmitted
intensity as a function of the incident intensity, an effect
originating from spatially chaotic or unstable solutions.?!
Extensions to the vectorial case which has been treated
in the present work is under investigation and will be re-
ported elsewhere.

Finally, as the temporal dependence of the field en-
velopes and the nonzero medium response time are ac-
counted for, temporal instabilities of the output intensi-
ties may occur even for the spatially stable eigenarrange-
ments.?>23 A still open issue is the analysis of the re-
gimes of spatiotemporal turbulence.
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