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Theoretical study of polarization attraction in
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Lossless polarizers are conservative nonlinear optical devices that transform unpolarized light into highly polarized
light without polarization-dependent losses. The device proposed here consists of an up to 100-m-long segment of
nonlinear highly birefringent or unidirectionally spun fiber pumped from the output end by an intense backward-
propagating beam. An initially unpolarized (scrambled) signal beam acquires a degree of polarization close to 100%

toward the fiber output.
OCIS codes: 230.5440, 060.4370, 230.1150, 230.4320.

To the best of our knowledge, the first lossless polarizer
was proposed and experimentally demonstrated in [1],
where the effect of two-wave mixing in a photorefractive
material was used for the amplification of one polariza-
tion component of a light beam by using the orthogonal
component as a pump beam. However, the use of such a
device in telecommunication applications is limited by
the intrinsically slow (of the order of seconds and min-
utes) response time inherent to photorefractive crystals.
In this respect, it appears that lossless polarizers, based
on the Kerr nonlinearity of optical fibers, are more pro-
mising for fast polarization control. Indeed, fiber optics
lossless polarizers were recently experimentally demon-
strated. In [2], such a device, based on a 20-km-long low
polarization-mode dispersion telecom (randomly bire-
fringent) fiber counterpumped with a 600 mW cw beam,
was able to smooth at its output polarization short bursts
of the input 300 mW signal beam. A one-beam Kerr-based
lossless polarizer is reported in [3].

In this Letter, we propose and numerically validate a
new configuration of lossless polarizer, which is based
on a short segment of highly nonlinear and high-birefrin-
gent (HiBi) or unidirectionally spun fiber pumped from
its output end by an intense cw backward-propagating
beam. Our simulations reported in [4] show that, for com-
parable characteristics of the telecom-fiber-based setup
on the one hand and the present HiBi or spun-fiber-based
setup on the other hand, HiBi and spun fibers may pro-
vide a higher degree of repolarization.

The basic elements for the theoretical description of
the propagation of two beams that nonlinearly interact
via the polarization-dependent Kerr effect in spun silica
fibers (of which the linear HiBi fiber is simply the limiting
case for vanishing spin rate) can be found in [5]. In the
reference frame rotating with the speed equal to the spin-
ning rate z, the birefringence tensor AB of the spun fiber
can be written in terms of Pauli matrices o4, 65, and o3, as
AB(w) = Ap(w) cos ¢(cos fos + sin 0o, + tan ¢o,). Here
Ap is the magnitude of the intrinsic birefringence of
the fiber, @ is the orientation of the birefringence axes,
and ¢ = atan(z/Ap) is the ellipticity. In a new rotating
reference frame where the two polarization components
of the signal beam as well as the two polarization com-
ponents of the pump beam are linearly decoupled, many
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terms vanish as they are rapidly rotating [with a speed
that is proportional to the inverse of the sum of beat
lengths Lg(ws) and Lg(w,)] on the scale of the relatively
slow motion over the nonlinear length Ly; .. Here, o (@)
is the central frequency of the signal (pump) beam.
Nevertheless, a few terms rotate with a speed defined
by the length Ly, = [L3' (ws) - L5 (w,)]~!. Alongside their
rapidly varying counterparts, such terms are responsible
for four-wave mixing and are of paramount importance
for achieving an efficient polarization attraction effect,
which is the physical principle for the operation of loss-
less polarizers. The necessity to keep these terms implies
that L; > L (where L is the total fiber length), which lim-
its us to work with beams of nearby frequencies and/or
with long beat lengths, as exemplified at the end of this
Letter.

The final equations of motion are conveniently formu-
lated in terms of the three components Si = ¢ ¢5+
GRS, S5 = i 0 - ¢457), and S5 = gL - I
of the signal S* = (S7.S;.S;) and the pump S~ =
(S7.S5.S;3) Stokes vectors. Here ¢, are the polarization
components of the signal and pump fields in the chosen
reference frame. In the limit L/Lj — 0, the resulting
equations read as

9:8% = §* xJ, St +8* xJ, 8", (1)

0,87 =8 xJ, 8 +8 xJ,S". (2)
&= (vt+2)/2and n = (vt - 2)/2 are propagation coordi-
nates, where v is the group speed of light in the fiber. The
symbol “x” denotes the vector product. Self-polarization
modulation and cross-polarization modulation (XPM)
tensors are both diagonal and have the form
Js = 1y5diag(0,0,2sin? ¢ — cos® ¢) and J, = 2cos® Py,
xdiag(1,-1,-2), where y =y, ~7 (as the two beams
have similar frequencies) with y as the nonlinear
coefficient.

We numerically solved Egs. (1) and (2) by the method
developed in [6]. We distinguish three represen-
tative cases: (1) the case of no rotation (¢ = 0), which
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corresponds to the case of linearly birefringent fibers; (2)
the case ¢ = n/4, which implies equality of the beat
length and the spinning period; and (3) the case of rapidly
spun fibers with ¢ — z/2. The first two cases demon-
strate very similar performance as demonstrated below,
while the last case does not deserve further attention, be-
cause it turns out to be not favorable for the effect of in-
terest. The reason is that the XPM tensor J,, which is
responsible for the polarization mixing and which there-
by determines the efficiency of the polarization attrac-
tion, vanishes as ¢ — z/2.

The pump power S; = (S72 + 852 + S32)1/2 as well as
the signal power S are conserved quantities. The pump
power was varied between S; and 5.588r . Six most repre-
sentative states of polarization (SOPs) of the pump were
chosen, located in close vicinity of the six poles of the
Poincaré sphere: (+1, 0, 0), (0, £1, 0), and (0, 0, £1).
By defining the nonlinear length as Ly, = (yS7)~!, we
chose L = 10Ly;,. The unpolarized input signal beam
was modeled by a set of 110 SOPs uniformly distributed
over the Poincaré sphere. For each input SOP we ob-
served the output signal SOP a long time after launching
the beams into the medium (namely after time interval
T = 10000Ly;,/v) and then performed the average of
the quantities of interest over all output signal SOPs.
Thus, we are actually dealing with scrambled beams.

In monitoring the performance of the polarizer, two
quantities are of interest: (1) the signal SOP as a function
of the pump SOP and the pump power and (2) the degree
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Fig. 1. (Color online) Components of the (normalized) Stokes

vector of the output signal beam as a function of the pump beam
power, ST (black squares), S; (red circles), Si (green trian-
gles), for the six input SOPs of the pump: (a) (-0.99, 0.1,
0.1), (b) (0.99, 0.1, 0.1), (c) (0.1, -0.99, 0.1), (d) (0.1, 0.99,
0.1), (e) (0.1, 0.1, -0.99), () (0.1, 0.1, 0.99). ¢ = 0. The case with
¢ = n/4 (not shown) demonstrates very similar qualitative as
well as quantitative results.
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of polarization (DOP) of the outcoming signal beam as a
function of pump power. Clearly, the lossless polarizer
performs efficiently when the output DOP is close
to unity.

Figure 1 demonstrates that the signal SOP depends on
the pump SOP, but it is virtually independent of the pump
power in the range [1,5.5]S]. The dependence on the
pump SOP can be used for polarization control, while
the tolerance to pump intensity fluctuations is a favor-
able feature for applications. In general, we found that
the signal SOP is not exactly attracted to the pump
SOP, as pointed out also for isotropic fibers (see [7]).

Figures 2 and 3 show the DOP of the output signal (at
z = L) as afunction of the pump power for the same con-
ditions as used for the generation of the plots of Fig. 1.
The polarizer performance is close to ideal (D = 0.99 in
the best case) for the case when the pump SOP is (0.99,
0.1, 0.1). Naturally, the DOP quickly degrades when S
drops below S§ (not shown). Good performance is also
observed for the pump SOPs (-0.99, 0.1, 0.1) and (0.1,
+0.99, 0.1) in the range of pump powers S; = [2,5]S.
However, the polarizer performs very poorly when the
pump SOP contains an appreciable S3 component. We
have also observed that the repolarization of the signal
beam toward the output at 2 = L is accompanied with
simultaneous scrambling of the counterpropagating
pump beam toward z = 0. The effect of depolarization
of the pump beam was previously reported in [8,9] for
the case of isotropic fibers.

Based on all these considerations and on extensive ad-
ditional numerical simulations not demonstrated here,
we may conclude that strong polarization attraction
takes place whenever the pump beam does not contain
any substantial share of the S35 component. Physically,
this means that the pump power should be equally split
between the two elliptical polarization eigenmodes (as
far as the linear response is concerned) of the unidirec-
tionally spun fiber. Indeed, the definition of the pump
SOP is related to the reference frame (e, ey), in which
the linear part of the equations of motion for the polar-
ization components of the pump and the signal beams
are decoupled. In its turn, such a frame is related to
the rotating laboratory reference frame (e,.e,) by the
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Fig. 2. (Color online) DOP D of the output signal beam as a

function of the pump beam power for six input SOPs of the
pump (same as in Fig. 1): (a) (-0.99, 0.1, 0.1) (black squares),
(0.1, -0.99, 0.1) (red circles), (0.1, 0.1, —0.99) (green triangles);
(b) (0.99, 0.1, 0.1) (black squares), (0.1, 0.99, 0.1) (red circles),
(0.1, 0.1, 0.99) (green triangles). ¢ = 0.
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Fig. 3. (Color online) Same as in Fig. 2 for ¢ = n/4.

Given that S; = 0 implies equal shares of the e; and e,
components, one may restore the pump SOP in the la-
boratory frame by using the transformation of Eq. (3).

Coming back to the main requirement L% > L, we can
rewrite it as a condition for the difference of pump and
signal wavelengths As — 4, < 274, /[Ap(4,)L], where we
assumed that Ap x A7, For L =100 m, 2, = 1.55 um,
and Ap(4,) =1cm™, we get the estimate A,-
Ap < 1 nm.

Note that, in our modeling, we considered spun fibers
with a birefringence value that is constant along the en-
tire fiber length. Such a model works well for distances
not exceeding the birefringence correlation length,
which measures the length scale of the fiber birefrin-
gence stochasticity. This length rarely exceeds 100 m.
To get substantial nonlinear mixing of polarizations in-
side a fiber of only 100-m-long for average signal powers
lower than 1 W, one is forced to use highly nonlinear fi-
bers. This can be nonlinear photonic crystal fiber with
y = 0.1(W-m)~! as used in [10], tellurite photonic crystal
fiber with y = 5.7(W - m)~! as used in [11], or chalcogen-
ide fibers.
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In conclusion, we demonstrated the presence of the
polarization attraction effect in a short segment of a
highly nonlinear HiBi and/or spun fiber and identified
the pump SOPs for which this attraction is most efficient.

We thank J. Fatome for sending us a preprint of [2]
prior to its publication. This work was carried out in
the framework of the “Scientific Research Project of Re-
levant National Interest” (PRIN 2008) entitled “Nonlinear
cross-polarization interactions in photonic devices and
systems” (POLARIZON).
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