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Right- and left-handed twist in optical fibers
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The effect of twist-induced variation of the output state of polarization on clockwise and counterclockwise torsion was measured in two
standard optical fibers made by different manufacturers. It was found that standard fiber samples may exhibit a different twist-induced
polarization performance for right- and left-handed twists. In this work we compare the results obtained for two commercial fibers using
linearly polarized input signals with azimuth angles between 0 and, 1&€hin the 1520-1570 nm spectral range. In all cases these results
could be described using the same theoretical model. We demonstrate that the different behavior observed for right- and left-handed twist:
for one of the samples can be explained by the presence of a residual torsion.
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1. Introduction Under this scope and using a perturbative approach, more
o o o ] than 30 years ago, Ulrickt al. [1] proposed that twist-
Twist-induced birefringence in single-mode fibers affects thangyced birefringence in single-mode fibers induces circular

performances of numerous fiber devices; therefore it has beqfiefringence. If we uséx 3 Stokes vectors arii 3 Mueller

experimentally studied by several authors and modeled usingh-matrices, circular birefringence can be represented by a
different approaches. In most of these theoretical descriprtation matrixR(U),

tions it has been assumed that when an optical fiber is twisted

the effect of ellipse rotation progresses monotonically [1-4], cos 22U —sin20 0
making no distinction between clockwise and counterclock- R(U) = | sin2U0  cos2U 0 1)
wise directions. Based on this idea, it has been concluded 0 0 1
that the birefringence induced by equal lengths of the same U=rg )

fiber, twisted in opposite directions cancels out [5], and that _ _ _ o
the effect of the continuous twist of a specific single modewherer is the applied twist ang ~ 0.146 for silica fibers
fiber is the same for right- or left-handed torsions. [1-10]. Ulrich’s angleU was derived considering only the
Twisting different types of single-mode fibers we found Photoelastic contribution to the twist-induced birefringence.
that while some of them exhibit an identical response toAS we can see, matriR(U) predicts the same behavior for
right- and left-handed twists (SMF-28 and SMF-28e) [6],r|ght- and left-handed twist in optical fibers, making no dis-
for other fibers (erbium-doped [7] and photonic [8]), the re-tinction between clockwise and counterclockwise directions.
sponse was direction-dependent. To avoid confounding ef- Since birefringence is highly sensitive to stresses induced
fects, in this work we compare the results obtained for twoby external fields (electric, magnetic, mechanical, thermal)
standard single-mode fibers, Corning SMF-28e and Nuferi0 validate their experimental results several authors have de-
1060-XP. We found that for the 1060-XP sample the responséeloped measurement procedures in which one of these per-
to right- and left-handed twist was dissimilar. In this paper,turbations is the test probe [1-4,9-12]. Although it is correct
we compare the experimental results obtained for both fibert9 assume that a finite birefringence induced by a certain ex-
using monochromatic linearly polarized signals, and makdernal field can dominate over the unintentional birefringence
use of the same theoretical model, [6] adding a residual torintroduced during the fabrication process, it is evident that

sion for the 1060-XP fiber, to explain its performance. the results of such an assessment cannot provide information
of residual birefringence. We consider that in this work in-
2. Theory formation about the original state of the fiber is required to

understand the birefringence results produced by the gradual
Due to various imperfections, such as core ellipticity and in-changes in the applied torsion. Therefore we use the matrix
ternal stresses, single-mode optical fibers are birefringent. Imodel developed in a previous work, in which the theoretical
general, the magnitude and orientation of this unwanted bireresults for an applied twist that varied from 0 to 1446s-
fringence are considered to vary randomly along the fibering a 5 step were validated measuring the input and output
However, most fiber devices are built with short fiber lengthsstates of polarization with a polarimetric setup [6]. We have
(< 50 m), and for such lengths, it can be considered that anghown that for a standard single-mode fiber (SMF-28, SMF-
non-polarization-maintaining fiber exhibits a uniform resid- 28e) twist-induced birefringence can be described using the
ual birefringence. matrix model:
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Mr(r,d,0,8) = R(6)[R(B+ br)M (6, 0)|R(—6), 3)
1 — 2cos? o sin? g —cososind  —sin 20 sin? ‘S
Mr(d,0) = cososind cos § sin o sin & 4
—sin 20 sin? ¢ —sinosind 1 —2sin?osin?

2

2

whereM (4, o) is the Mueller matrix of an elliptical retarder

with fixed ellipticity angles(oc = 7/2 — 2¢) [13], whose fast ltion indicates that tolerances in geometrical and optical spec-

birefringence axis has an azimuth angtethe retardation
angle between the polarization eigenmodes is g + c7

ifications are tighter for the 1060-XP fiber, designed to ob-
tain single-mode operation from 980-1600 nm [15]; while

(here, §y is the retardation angle between elliptical eigen-for SMF-28e single-mode operation occurs within a narrower

modes when the fiber is not twisted, ands a constant);

given by Eqg. (1)p is a constant (the produtt describes the

range (1285-1575 nm) [16]. There is however no indication
R(6),R(3 + br) andR(—0) are rotation matrices of the form of the presence of asymmetries.
Since the specification of a light polarization state de-

geometrical rotation of the birefringence axes due to torsiomands the definition of a fixed reference frame, an important
[14]); g is a fixed rotation angle ardlis the angle between aspect of the polarization measurement is the use of a set up
the fiber's eigen axes and the laboratory coordinate systenmn which the reference frame is the same at the fiber input and

We can note that the matrix in Eq. (4) does not predict a

different behavior for right- and left-handed twists. 1
The values of parametefs o, dq, b, ¢ and 3 can be ob-

tained from the numerical fit of the theoretical model predic-

tions to the experimental values measured in the laboratory.

The Stokes parameters of the linear input polarization state | ad

Sin = (cos2¢, sin 2¢, 0) with azimuth anglep, are related /

with those of the output polarization steig,; for each value
of the applied twist, by

S1 out cos 2p
Sou= | S2out | =Mr(7,d,0,08) | sin2¢ (5)
S3 out 0

and substituting Eqg. (3) we obtain,
S1 out= cos2(br + 3 + ) cos 2(f — ) sin’ o
—cososindsin2(br + B+ ¢)
4 cos 6{cos 2(bT + B + ) cos® o cos 2(0 — )
+sin2(br + B+ 0)sin2(6 — @)}
S2 out= cos2(f — ¢){cos2(br + B+ 0) cos o sin

(6)

+sin 2(b7 + B + ¢)(cos § cos 20 + sin® o)}
+sin2(0 — ¢){cososindsin2(br + 5+ 6)
—cosdcos2(br+ 5 +0)}, @)

S3 out=sindsinosin2(f — ¢)
8

0
— c0s2(0 — ¢) sin? 3 sin 20

3. Experiment
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FIGURE 1. Output Stokes parameters S1n, S2n and S3n measured
for a SMF-28e fiber using a linearly polarized input signal (1550
nm, azimuth angleo = 30°) and varying the applied torsion

from 0 to -1440 (right-handed twist) and 0 to 144@left-handed
twist).
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FIGURE 2. Output Stokes parameters S1n, S2n and S3n measured

To study twist-induced birefringence we used straight andor 4 1060-XP fiber using a linearly polarized input signal (1550
short samples of standard single-mode fibers (SMF-28eym, azimuth angle> = 30°) and varying the applied torsion
1.75 m and 1060-XP, 1.5 m). The manufacturer’s informafrom 0 to -1440 (right-handed twist) and 0 to 144@left-handed

twist).
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TABLE |. Fitting parameters values used for the 1060-XP fiber (Fig. 4)

Wavelength in Twist
nm direction 0 do c o b Jé] To
1530 right -10 -52° -0.9 6 -0.97 90 -510¢°
1530 left -20 55° 0.9 5 0.97 90 -510°

output. To fulfill this requirement output Stokes parame-  To give emphasis to these changes, in Fig. 3 we present
ters were measured using the polarimetric set-up describatie results measured for Stokes parameter 3311§55 nm,
in Ref. [6]. We used a linearly polarized input signal, be-azimuth angle 150 using the absolute value of the torsion
cause it is an easily controllable polarization state that offerangle. We can see that while the values of S3nr and S3nl
an additional degree of freedom to elucidate the birefringencéright-handed and left-handed twists) measured for small
response of fibers and fiber devices. twist angles [r| < 510°) are very different, it is clear that
The state of polarization (SOP) and wavelengtof the  as the torsion increasels-( > 1000°), S3nr and S3nl tend to
input signal remained fixed while the twist angle was variedshow a similar behavior. This result agrees with the idea that
using 10 steps, from 0 tat-1440 (5° step). Keeping the for large torsion angles, twist-induced birefringence becomes
same wavelength, the azimuth anglevas varied 30to ob-  dominant.
tain a new set of output Stokes parameters, this procedure In the present study we found that we could predict very
was repeated for azimuth anglesfrom 0 to 150. The sig-  accurately the Stokes parameters values for right- and left-
nal wavelengths applied varied from 1520 to 1570 nm usindhanded twists with absolute values larger thaf00°, as we
a 5 nm step. The experimentally obtained Stokes vectors aran see in Fig. 4 fok = 1530 nm. Here we assumed that the
represented b¥n=(S1n,52n,S3n). Typical results for each fiber shows a residual twist, in such a way that instead of

type of fiber are shown in Figs. 1 and 2. usingd = dp + ¢ we added a new parameter and used
The experimental results measured for Stokes parameters
S1n, S2n and S3n shown in Fig. 1 tell us that for this fiber =0 +c(ro+71) 9)

(SMF-28e) changes induced by torsion follow the same be-

havior for right- and left-handed twists. Stokes parameteravith 7o = —510°. Using Eq. (9) in Egs. (6) to (8), we ob-
S1n and S2n measured for the XP-1080= 1555 nm, az-  tained the additional six parameter’s valugs, 3, 0, 6o, and
imuth angle 150) fiber were fitted in Fig. 2 using cosine o shownin Table I.

and sine functions with the same argument (dotted lines). We For the XP-1060 fiber sample in this study, as well as
can see that for these Stokes parameters the torsion-induct the samples in the previous work [6} = 90°. For
change follows the same behavior for right- and left-handedhe XP-1060 fiber the sign of the geometric parameters
twists. But, for Stokes component S3n it is evident that weand b was positive for right-handed torsions and negative
cannot use the same sine function to describe right- and leffor the left-handed twists, keeping a fixed value<{ +0.9,
handed twists, since the amplitude and frequency of these = +0.97). Wavelength dependent parametérs), and
oscillations are not equal. o (Table 1) showed a twist direction variation: 1) the az-
imuth angle of the fast birefringence axis was= —10°

for right-handed torsions and varied #lo= —20° for left-
handed twists; 2) the retardation angle between polarization
eigenmodes with no applied twisi,) was equal te-52° for

05 a right-handed twist and varied &5° for a left-handed tor-
sion; 3) the parameter related with the ellipticity angle of the
fiber anisotropy ¢) had also different values for right- and
left-handed twists. For a right-handed torsion it was equal to
6° and for a left-handed twist was 5

-0.5

4. Discussion

——s3nl —s3nr In single-mode fibers total induced birefringence has sev-

FIGURE 3. Output Stokes parameter S3 measured for a 1060-XP$eral origins: geometrical imperfections as well as stress-

fiber using a linearly polarized input signal (1555 nm, azimuth an- induced alnlsotroples.produced during the mar\ufacturlng pro-
gle = 150°) and varying the applied torsidm| from 0 to 1440. cess (residual birefringence), and geometrical and stress-

The blue line corresponds to left-handed (S3nl) and the red line tdnduced anisotropy due to the applied torsion [6]. Consid-
right-handed twist (S3nr). ering that all of them are acting uniformly along the fiber and

Rev. Mex. Fis60(2014) 69-74



72

Right-handed twist
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Left-handed twist
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FIGURE 4. Theoretical fitting to the experimental results measured for a linearly polarized 1530 nm signal, for the 1060-XP fiber. The twist
applied to the fiber is the horizontal axis. Vertical axis represents the experimental and theoretical values of the Stokes parameters [(S1n,
S2n, S3n) and (Slout, S2out, S3out), respectively]. The number below each graph indicates the value of the azimutf #reglaput

linear polarization.
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using the model presented above, we have described in a prisingence can be strongly direction-dependent. This new in-
vious work the experimental results obtained for two typesormation is relevant for helical coils used in electric current
of standard single-mode fibers (SMF-28 and SMF-28e) [6]fiber sensors and fiber optic gyroscopes, since in out-of-plane
For those fibers the geometrical parameteys,(5) were the  curves torsion is a geometrical consequence.
same for all the signal wavelengths (1520-1570 nm with a Comparing the results obtained for SMF-28 and SMF-
5 nm step), and wavelength dependent parameters (o) 28e fibers [6], with those measured for XP-1060 we can note
were the same for all the input azimuth angles used for eacthat for the last fiber: 1) twist variation of Stokes parameters
signal wavelength (0-150with a 30 step). As mentioned S1 and S2 was smoother, 2) there was a stronger sensitiv-
below, in the present study we found a similar distinction be-ity to optical alignment, 3) Stokes parameter S3 presents a
tween geometrical and wavelength dependent parameters. lower amplitude variation, 4) Stokes parameter S3 exhibited
From Fig. 4, it is clear that the results obtained for thea different behavior for right- and left-handed torsion. We
Stokes parameter S3 while the applied torsion varied betweenypothesize that results 1) to 3) are related to the tighter fab-
0 and -600 are different. We consider that due to the resid-rication tolerances used for the XP-1060 optical fiber and its
ual right-handed torsion (-5t} for a small left-handed twist smaller mode-field diameter [15,16].
(< 510°) the waveguide goes through straightening modi-  The similar response measured for Corning fibers [6] and
fications manifested as uneven variations on parameter S3fifferent polarization performance obtained for the Nufern
(Figs. 2, 3 and 4). Straightening modifications cause addisample made us think that, as it has been earlier proposed [4],
tional stress expressed as refractive index changes and wausirefringence measurements may provide an effective tool for
length dependent parametefisd,, o) dissimilarities. There- inspection and testing of fiber production processes, from the
fore we can link the wavelength sensitivity of parameters drawing to the packing.
dp ando to stress-induced refractive index changes. Further-
more, since the assumption of the presence of a residual tog
sionty can explain the different behavior observed for right-*"

and left-handed torsions, and it also helps o fit the expery, yhiq \york we used a standard single-mode fiber that pre-
imental data to the theoretical model, we propose that thi

direct itivity i It of st d id 'Rented a different behavior for right- and left-handed twists.
'Tec“o.” SENSIvILy 1S a result of Stress and waveguite varlyye pave shown that this performance can be explained by
ations introduced while the residual torsion is reduced. A

a result, light propagates as if the fiber with a right-hande he model previously developed [6] by a adding a residual

twist had a different azimuth angle of the fast birefri orsion.
wist had a different azimuth angle of the fast birefringence oo finers this direction-dependent effect can be sig-
axis @) and a different ellipticity angle (associated to pa-

N ith to th fib ith a left-hand dnificant at the level of small twists, such as those present
rame ero) with respect to gse}me toer with a fett-nanded;, pajical coils (electric current sensors and fiber optic gy-
torsion. Nevertheless, the light's SOP progresses along tq%
) ; . . . Scopes).
fiber following a continuous evolution (Fig. 4) that can be
described for twists (absolute value) larger than000° us-
ing the same theoretical model and similar values for eaclAcknowledgements
parameter (Table I). _ _ ) .

It is important to remark that our data show that dependWe would like to thank Miguel Faéin Sanchez for his help

ing on the optical fiber, for small twists, the induced bire- with data collection.

Conclusions
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