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Birefringence description of a helical fiber-coil
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Helical coils are used to produce compact fiber devices with stable polarization properties. We have developed a matrix model for such a
fiber, taking into account effects of photoelastically induced anisotropy and geometrical phase, on residual birefringence and diattenuation.
We present here the theoretical basis used to construct the model and experimental results that validate it.
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1. Introduction

The polarization properties of a helical coil include strain-
induced birefringence, and a geometrical contribution due to
the out-of-plane trajectory described by the light beam travel-
ing along the fiber [1-6]. While the geometrical phase can be
easily calculated taking into account the helix geometry [7],
there is no agreement on how to model the strain-induced
birefringence properties of helical coils [8-19].

Helically wound fibers have been mainly applied for the
construction of electric current and magnetic sensors [20-23].
In these cases, it has been argued that in addition to the Fara-
day signal there is an unwanted linear birefringence contri- 5
bution associated mainly to fiber bending. To minimize or
cancel out this unwanted perturba_ltion several methods ha_VﬁGURE 1. Geometrical parameters used to describe a heligp-
been developed [24-30]. Comparing the models reported iRagants its radiug; is the turning angle andis the pitch.
the literature [21-30] we noticed there is no agreement on the
birefringence description of a helical coil. der when the wrapped cathetus overlaps with the cylinder

There is a wide application of helical coils in polarimet- base. In a Cartesian coordinate system the helix is described
ric fiber devices and additional potential uses with erbium-by the following equations
doped fibers are possible. However, to achieve the required
optimization of polarization performance in these fibers, it is T =rCcos§
necessary to gain a clear understanding of their birefringence. o

, Y X y=rsiné Q)

In this work we present a birefringence matrix model based
on geometric properties of helices and the resulting effects on z = p€/2m
topological phase contribution [7], and diattenuation. These ) ) ] . .
stress induced and phase contributions have been describé§ferer is the radius of the circular basg,is the turning
using classical polarization optics, and verified experimen@nglé shown in Fig. 1 anglis the pitch length of the helix.
tally using erbium-doped fibers. To justify the use of a coil  The helix curvature describes how fast the tangent vector
built with an erbium-doped fiber it is important to mention 1S changing its dll’eCtIOH,. and dgfmes the direction of the nor-
that the linear and circular components of their birefringencén@l vector along the helix, a unitary vector whose orientation
and their diattenuation are stronger than those observed f§@ries along the curve. Curvatuees given by
helical coils built with standard fibers [31,32]. j — Tg/(rg +p2). @)

NN

The vector product of the tangent and normal vectors pro-
2. Theory ) :
i duces the binormal vector, another unitary vector whose rota-
2.1 Helix tion speed at the given point measures the helix torsi@3],
Helix is the out-of-plane curve described by the hypotenuse
i i ight ci in- T =p/(r* +p?). 3)
of a right angle triangle wound around a right circular cylin p



490 D. TENTORI, A. GARCIA-WEIDNER AND E. LEDEZMA-SILLAS

2.2. Strain-induced birefringence can be added to produce the total differential linear birefrin-

ence contribution. Furthermore, total differential matrices
Practical single-mode fibers are birefringent due to residua?Or linear birefringence, circular birefringence and the gyra-
stress and the slight deviations of their cross sections fromjopy component are also added to build the total differential
a perfect circular symmetry. The experiments we have pefretardation matrix.

formed on standard, erbium-doped [34] and photonic single Twist-induced birefringence in erbium-doped fibers was a

mode fibers have shown that their residual birefringence COfzase, already solved, which included these contributions [38].

responds to that of an elliptical retarder (simultaneous COMf was shown that the resultant description is equal to the

bination of linear and circular birefringence). This residual roduct of a avration matrix by an elliptical retarder matrix
anisotropy is modified by bending and torsion when the fibelp 9y 4 P

is helically wound.
It has been shown that the resulting bend-induced bire-

fringence is linear [35]. Hence, when the helically induced , o
where the gyration angleis in this case equal ta2z(1 —

birefringence is the dominant effect, the normal vector asso-

ciated to this strain defines the orientation of the fast birefrin<5¢)» beingn equal to the number of helix loops [7]. In this

gence axis of the fiber. W_ork, _Me is th_e birefringence matrix of an elliptic retarder
In regard to torsion, it has been shown that for an opti—Wlth diattenuation [41]

cal fiber that behaves as an elliptical retarder, twist-induced A

birefringence can be described in terms of the product of two M, = —;’“[Ml M2 M3 M4]. @)

matrices. A rotation matriR(br + () associated to the gy- v

ration of the birefringence axes produced by torsion [36] and

a modified elliptical retarder matriM . [37]

R(br + ) M. (4) i +2 cosh a mill
—aRcos2e, + 0V cos2e m21

R(s)M, (6)

The column vectors in Eq. (7) are

In Eq. (4),M is the matrix of an elliptical retarder with M1 =

a retardation anglé between polarization eigenmodes given a‘SM sin2(eq — ?) | m3l
by | —aRsin2e, + 0V sin2e m4l
0 =g+ cT; (5) [ —aR cos2e, + 0V cos 2e
heres. is the retardati le betw larizati ) lcos6(y?2 — a? cosde, — 02 cosde)+
whered, is the retardation angle between polarization eigen- o _ | %) (42 1 52 cos 4 + a2 cos de, )|

modes for the uncoiled (straight) fiber, c is a constantl]
andr is the applied torsion. As we can see (Eqg. 5), the retar-
dation angle between polarization eigenmodes varies linearly -

—0Rsin2e¢ — aV sin 2¢,
—1M(a?*sinde, + 62 sin 4e)

with the applied twist. When the twisted fiber is a single- ml2

mode erbium-doped fiber, its enhanced induced birefringence | m22

allowed noticing that the linear birefringence presents two | m32

orthogonal components with an independent twist depen- m42

dence [38]. Summarizing, in a helical fiber coil, due to the _ )

residual elliptical birefringence the fiber has linear and circu- —adM sin 2(ea - €) ml13
lar birefringence components. In addition, the helical wind- 373 — | 97sin 252+ aVsinZe, | _ | m23
ing contributes with: a) a linear birefringence induced by 7" cosd m:33
bending, b) a modification in the linear and circular compo- | —0Rcos2e —aV cos2e, m43
nents of the residual birefringence produced by the applied i —aRsin2e, + 6V sin 2e
torsion (Eqg. (5)) - this change includes an independent vari- —%M(oﬂ sinde, + 02 sin 4e)
ation of linear birefringence at’Gand linear birefringence at M4 = SR cos 2e + aV cos 2z,

45° (Jones birefringence), modifying the azimuth ellipticity Lleos (72 — a® cosde, — 0% cos de)+
angles of the coil’s elliptical birefringence in reference to the cosh a(y2 + 6% cos 4e + a? cos 4e,)]
corresponding value for the straight fiber, and ¢) a geomet- -

ric rotation. In addition to all these effects, present in every ml4

differential segment of the helical coil we must also consider _ | m24

diattenuation. Diattenuation is produced by bending in stan- m34

dard fibers [39] and in laser fibers it is mainly a result of the | m44

anisotropic absorption of erbium-doped fibers. _ o _
Using the differential matrix calculus developed by R.C.Where the retardation angle between the elliptical eigen-
Jones [40] we can deal with the above mentioned simulModes isj, < is the birefringence ellipticity angle (Fig. 2a),
taneous contributions. Employing this formalism, the dif- @ is the elliptical absorptiond, = e~**, L is the fiber's
ferential linear birefringence contributions & nd at 48  length,a; is the isotropic absorptios,, is the angle formed
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FIGURE 2. The linear and circular birefringence add geometrically. To describe the total retardation the ellipticity engiebe specified.
Linear and circular diattenuation also add geometrically. The angle between the total diattenuation and its linear conaponent is

by the total absorption and the linear component of absorp-
tion (Fig. 2b),7%> = 62+ o? R = §sind + asinha,

. Ag
V = asind — dsinha, M = cos d — cosh a [41]. Up to this S3=—5[ma1 +maz cos 2(0 — )
point we are assuming that the birefringence axes are aligned v
with the laboratory reference frameg. the azimuth angle of — my3sin2(0 — )] (12)

the birefringence matrix is zero.

3. Experiment

2.3. Output polarization state
The evaluation of the output state of polarization was per-

In this work we use linearly polarized input signals with az- formed using the semi-automatic polarimetric device shown
imuth anglep, and we assume that the azimuth angle of then Fig. 3. The monochromatic signal from a tunable laser
fast birefringence axis of the helical coil s For these sig- source (TLS, Hewlett Packard 8168C) was circularly polar-
nals, the output state of polarization (SOP) is given by ized by means of a polarization controller. An isolator was
used at the TLS output to avoid instabilities produced by re-
Sou=R(=0) - R({) - M. - R(0) - (1, cos 2¢p,sin 2p,0)" (8) flections. The circularly polarized signal was collimated with
a fiber/air coupler c1, and used to illuminate the linear polar-
wheret indicates transpose. Using Eq. 7, the Stokes paramzer (P), fixed to a motorized rotating mount supported on an
eters of the output SOP are: automatic translation stage. The collimated light emerging
from the polarizer was coupled (air/fiber coupler c2) to the
So:&[mnﬂnlz cos2(0—p)—myzsin2(0—¢)]  (9) fiber coil sample (coupler c2 was also fixed to a motorized

72 linear translation stage).
Sle—Qa{cos 2(C—8) [may +-mas cos 2(¢—06) Th_e prism p_oIarizer’s orientation was sc_:anned using the
v motorized rotation stage. The emerging linearly polarized

+mazsin2(p — 0)] +sin 2(¢ — 6)[ms; signal was collimated (c3), and traveled through air to an-
+ maz cos2(p — 0) + mazsin2(p — 0)]} (10)  other device (c4) used to couple the polarized output signal
A to a tunable Fabry-Perot filter and to the light polarization
5227;{cos 2(¢—0)[msz1+ms32 cos 2(p—0) analyzer (Agilent 8509C).

For each signal wavelength, coupler c2, the fiber coil, and

mas sin 2(p — 0)] = sin 2(C — 0)[man coupler c3 were removed from the polarimeter optical axis

+ maz cos 2(p — 0) + mag sin2(p — 0)]} (11)  andthe collimated signal emerging from the prism polarizer
erbium
TLS coil PA

L O i I
T QQQolo O o ]

cl c2 c3 c4

FIGURE 3. Semiautomatic polarimeter. Monochromatic circularly polarized light impinges on the input prism polarizer producing a linearly
polarized signal used to illuminate the fiber coil. Light emerging from the helical coil is collimated and inserted in the polarization analyzer.

|
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FIGURE 4. Trajectories depicted by the output polarization states.
Each color corresponds to a different signal wavelength. Thicker
lines were used to highlight the selected wavelengths (magenta-
1540, black-1545, blue-1550, red-1555, cyan-1560 nm). Thinner ~
lines correspond to wavelengths between 1517 to 1535 nm and
1565 and 1580 nm. =1
®Slc @S2c ©S3c eSin ®S2n ® S3n

TABLE |. Erbium fiber used to build the helical coil.

Type r pitch length
402 K5 (INO) 14.8 cm 0.5cm 8.1m
_ _ _ o A
the prism polarizer was used to define the polarization ana- 8

lyzer reference frame. To verify the quality of the circular
state of polarization emerging from coupler c1, the prism po-
larizer can also be removed from the set up (afterwards, it
can be precisely repositioned using the motorized translation
stage).
The evolution of the state of polarization of the signal ] ]
FIGURE 5. Experimental and theoretical values of the Stokes pa-

traveling through the helically wound erbium-doped fiber ) ) ) . : .
. . rameters for linearly polarized input signals with azimuth angles
(Table 1) was evaluated using the wavelength scanning tech- ! .
. p . . . equal to a) 10, b) 20° and c¢) 30. Along the horizontal axis we
nique [34];i.e, 'Fhe wavelength of the Ilne_arly polarized _mput have the signal wavelength jm.
signal was varied and the results obtained for the different o :
) : output state of polarization for a straight sample (1.52 m) of
wavelengths were compared for a fixed azimuth angle . . . :
) . o . _the same fiber used to build the helical coil. The output SOP
When using this method, it is assumed that the retardation . . )
angles between polarization eigenmodes measured for monochromatic linearly polarized S|gnal wave-
lengths (1517 and 1570 nm), was evaluated scanning the in-

0 = 2wdAn/\ (13)  put azimuth angle from 0 to 360

presents the same behavior when the fiber length sample d To compare the output states of polarization we mini-
varies (cut back method), as when the wavelength valoge ~ Mized the contribution of errors due to coupling and wave-
the light signal is modified. This is true if the fiber birefrin- length dependent absorption, normalizing each output Stokes
genceAn does not change with the signal wavelength. vector. Under these conditions, mapping the results obtained
Here it is necessary to take into account that erbiumfor each signal wavelength in the Poingasphere, we ob-
doped fibers present an anisotropic absorpiien;the value tained two major circles. In Fig. 4 we present these results
of the birefringence parametexn depends on the azimuth Using a different color for each signal wavelength. The se-
angle of the linearly polarized light used to illuminate the lected wavelengths (1540 to 1560 nm band) have been drawn
sample. Therefore, in order to select a wavelength range iWith thicker lines.
which the variation of the fiber birefringenden with wave- If the fiber birefringenceAn had shown no wavelength
length and with the azimuth angle of the input linear polar-dependence, these major circles should have overlapped fol-
ization could be neglected, we evaluated the variation of théowing the same path. From Fig. 4 we can presume that the

®Sic @S2¢c ©#S3c eSIn ©S2n © S3n
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FIGURE 6. Experimental and theoretical values of the Stokes parameters for linearly polarized input signals with azimuth angles equal to a)
90°, b) 100, c) 120, d) 130, e) 160 and f) 170. Along the horizontal axis we have the signal wavelengthrim These data present a

good fitting from 1.54 to 1.56m.

relative similarity is high for those points where these tra-formation measured for a broader wavelength range (1540 to
jectories overlap, and presents stronger variations for those580 nm).
azimuth angles of the input linear state of polarization where

these circles move apart 4. Analysis of experimental data

In regard to the polarization evaluation of the helical coll,
the Stokes parameters of the output signal were measured fbr this section we compare the evolution of the state of po-
a fixed wavelength, varying the azimuth angle of the inputlarization of the light signal along the fiber, predicted by the
linear state of polarization from 0 to 18@Qsing a 10 in-  theoretical model (Egs. 10 to 12) with the experimental re-
crement. Finally, a different signal wavelength was coupledsults measured using the wavelength scanning technique de-
to the fiber coil. For each wavelength a new calibration ofscribed in Sec. 3. The theoretical values calculated for the
the polarization analyzer was required. We worked with 23Stokes parameters were labeled as S1c, S2c and S3c, and the
wavelengths from 1500 to 1600 nm. In the following sec-experimental normalized values as S1n, S2n and S3n.
tion we discuss the results obtained for signals between 1540 To perform the comparison minimizing the contribution
to 1560 nm (selected wavelength range), using additional inef errors due to coupling and wavelength dependent absorp-
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tion, we normalized each measured output Stokes vector. Ac- An interesting case was the set of curves measured for
cordingly, we also normalized the Stokes vectors calculate¢p = 120°, for which the ellipticity angle was equal to zero,
using the theoretical model here presented. It is important tondicating that in this case the fiber anisotropy was linear.
notice that normalization preserves the relative magnitude of In general, for each set of parameters associated with dif-
the Stokes parameters. ferent input azimuth angles (Eqs.10-12) it was necessary to
We know that as the circular birefringence contributionuse different values for the retardatiay) &nd absorptionc).
becomes higher the ellipticity angtebecomes higher, and An effect we associate with the anisotropy of the cross sec-
when the linear contribution is higherbecomes lower. An- tions of erbium ions in glass [42].
glee,, should also present a similar behavior to the variation  Despite the fact that our data, obtained using the wave-
of the linear and circular components of diattenuation. Figdength scanning method limited us to the use of arbitrary
ure 5(a) shows that the change of the ellipticity angle wasunits in our analysis, the relative change of the parameters
observed{ = 6°; while in 5(b) and 5(c)¢ = 2°), and the and their relative values allowed to verify the validity of the
influence of the diattenuation anglg could not be detected. model here presented for the description of the birefringence
This poor sensitivity to the value af, can be explained by of a helically wound single-mode fiber.
the fact that in our model this parameter appears as the ar-
gument of a trigonometric function always multiplied by the .
attenuation coefficient (see the relations after Eq. 7). 5. Conclusion
Mainly as a result of the change in the ellipticity angle,q‘;J1

the f £ th h in Fi 5 and 6 vari sing classical polarization optics, a birefringence matrix
€ frequency of the curves shown in Fgs. > and b Vareg, o tor the description of a helically wound optical fiber

with the azimuth angle of the linearly polarized input S|gnals.Was presented. This model includes the birefringence in-

nge(gardmgtlrllnearllnptl;t p{[cr)llar|za:F|orl1 stagqstw|th é,]IZI)"I i OFuced by the helical windingi,e., bend induced and twist
an azimuth angie, the theoretical predictions caiculaleq, .o q birefringence, the topological rotation of the refer-

using the model here presented were confirmed from 1540 t8nce frame and the diattenuation introduced by bending. To

1580 nm, as we can see in Fig. 5. Likewise, predicted result% . . ' L
) clude in our model the residual fiber birefringence, the gen-
were confirmed from 1540 to 1560 nm (selected wavelengt%/ vae inou auatf retrnng 9

. ) ) ral case of a homogeneous retarder (elliptical birefringence)
bagdl);‘gr the input aZ|mu'th ;nglgs.l 9, 10%’ 1%2};30’".16 as assumed. Experimental data obtained for a fiber coil
an , 85 WE can see In F1g. ©. In regard With the e8P 1, i+ with a medium absorption erbium-doped fiber show to-
ticity angle, we can mention that for the curves in Fig. 5, thet

signals with a smaller azimuth angle & 10°) were fitted al agreement with the proposed model.

using a larger ellipticity angle~ 3 times larger than that cal-

culated forp = 20° or 3C°). The effect of this additional Acknowledgments
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