
Abstract. The evolution of the phase delay between linearly
polarised orthogonal modes in a spun ébre elastically twisted
around its axis has been studied experimentally and
theoretically using a model for a helical structure of the
built-in linear birefringence axes. The phase delay is a
sinusoidal function of elastic twist angle, with an amplitude
and period dependent on ébre parameters: spin pitch and
built-in linear birefringence beat length. It is shown that, at a
known spin pitch, phase delay versus elastic twist angle data
can be used to determine the beat length of built-in linear
birefringence in the range 0.01 to 100 mm. The theoretical
analysis results are supported by experimental data for
conventional and microstructured spun ébres.

Keywords: optical ébre, spun ébre, helical structure of linear
birefringence axes, phase delay.

1. Introduction

Spun ébre, fabricated by spinning a preform with a built-in
linear birefringence (BR) during the drawing process, has
been known since 1989 [1] and is used e.g. in magnetic-éeld
and electric-current sensors [2 ë 4]. Recent work [4 ë 7] has
shown that spun ébre has no built-in circular BR and that
its properties are governed by the helical structure of its
linear BR axes, which develops during the ébre drawing
process.

The purpose of this report is to further study the
properties of spun ébre, in particular its response to elastic
twist. Elastic twist is known to inêuence the spin pitch of the
helical structure of linear BR and to produce circular BR [8].

The study of the effect of elastic twist angle on the phase
delay, R, between two polarisation modes in spun ébre may
provide additional information about parameters of such
ébre, in particular about the beat length of built-in linear BR.

2. Theory

As shown previously [4], the properties of a straight ébre
with a helical structure of its built-in linear birefringence

axes can be described in a linear polarisation basis using the
Jones matrix [9]

T � T11 T12

T21 T22

���� �������� ���� � 1

O
a11 � ib11 a12 � ib12
ÿa12 � ib12 a11 ÿ ib11

���� �������� ����, (1)

where

a11 � O cos xz cosOz�
�
x� g

2

�
sin xz sinOz;

a12 � ÿO sin xz cosOz�
�
x� g

2

�
cos xz sinOz;

(2)

b11 �
Db
2

cos xz sinOz;

b12 �
Db
2

sin xz sinOz;

Db � 2p=Lb is the rate at which the phase delay between
waves with orthogonal linear polarisations increases with
ébre length, z, because of the built-in linear BR with a beat
length Lb; g � 2p=Lc is the rate at which the phase delay
between waves with orthogonal circular polarisations
increases because of the circular BR with a beat length
Lc; x � 2p=Ltw is the angular rotation rate of the helical
structure of the built-in linear BR axes with a spin pitch
Ltw; and

O �
��������������������������������������������
Db
2

�2
�
�
x� g

2

�2s
(3)

is the spatial frequency.
An elastic twist of a straight ébre of length z by angle j

in the twist direction of the helical structure of the BR axes
increases its angular rotation rate:

x � 2p
Ltw

� j
z
� x0 �

j
z
. (4)

A twist in the opposite direction (j < 0) reduces x.
Moreover, as shown by Rashleigh [8] the ébre acquires
circular BR,

g � j
mz

, (5)
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where m � 6:85 for silica ébres. Physically, this means that,
in a ébre of length z, one can obtain circular BR with a beat
length Lc � z by making about seven turns around the ébre
axis over a length Lc.

A phase delay, R, between waves with orthogonal linear
polarisations is known to result in an elliptic state of the
éeld, with an ellipticity angle e (R � 2e) [9]. Ellipticity,
deéned as the ratio of the semiminor axis (b) to the
semimajor axis (a) of the polarisation ellipse, is related
to the ellipticity angle by tan e � � b=a. In a ébre with linear
birefringence (without twist), the phase delay between waves
with orthogonal linear polarisations increases in proportion
to ébre length. In spun ébres, the phase delay varies between
its maximum and minimum values along the ébre length
[10].

Consider the polarisation state evolution in the complex
plane [9] where the coordinates of points, w, are the ratios of
the orthogonal components Ex and Ey of the éeld:

w � u� iv � Ey

Ex

. (6)

This complex plane is a geodesic projection of the Poincare
sphere. Its north pole (right-hand circular polarisation)
projects onto the point fu, vg � f0,� ig, and its south pole
(left-hand circular polarisation), onto the point f0,ÿ ig.
The equator of the Poincare sphere (all possible linear
polarisations) projects onto the real axis. In particular, Ejjx
projects onto the point f0, 0g, and f1,1g corresponds to
Ejjy. The latitude of a point corresponds to the phase delay,
and its longitude, to twice the azimuth angle of the elliptic
state [9]. Using notation (2), we obtain

w � �ÿa12Ex0 � a11Ey0� � i�b12Ex0 ÿ b11Ey0�
�a11Ex0 � a12Ey0� � i�b11Ex0 � b12Ey0�

. (7)

We consider linearly polarised states at the ébre input that
differ only in azimuth, a:

Ex0 � E0 cos a, Ey0 � E0 sin a. (8)

Substituting (2) and (8) into (7), we énd w as a function of
ébre length. Such dependences, differing in the azimuth of
the linear polarisation of light at the ébre input and in
linear birefringence, Db, are presented in Figs 1 and 2,
respectively.

As seen in Fig. 1a, excitation at the Ejjx polarisation
(a � 0) causes the largest deviation of the polarisation state
from the equator of the Poincare sphere, i.e., the largest
phase delay, roughly equal to the peak-to-peak amplitude of
the nearly sinusoidal phase delay oscillations in Fig. 1b. It is
worth pointing out that the rise in the oscillation amplitude
at the left and right of Figs 1a and 1b, respectively, is simply
a distortion related to the projection of the sphere onto the
plane.

It is clear from Figs 1 and 2 that the helical structure of
the linear BR axes ensures rotation of the plane of polari-
sation, with a polarisation state evolution from right to left
along the equator of the Poincare sphere, even though there
is no built-in circular BR (see Morshnev et al. [7] for more
details). Comparison of Figs 2a and 2b indicates that the
increase in built-in linear BR (decrease in Lb) is accom-
panied by an increase not only in the largest phase delay but
also in the azimuthal rotation rate of the plane of polar-

isation. Thus, the rotation of the plane of polarisation is due
to the built-in linear BR with a helical structure of its axes.
The phase delay is a periodic function of ébre length, z, with
a spatial period Ltw=2, which is � 2 mm in our case. This
adds complexity to phase delay measurements because the
phase delay, R, may drop from its maximum to minimum
value over a ébre length within � 1 mm.

The exact value of R at the output of a ébre of length z is
given by [9]

sinR � 2Imw
1� w 2

. (9)

Using relation (7), we obtain for a spun ébre

sinR � 2

ÿ
E 2
x0 ÿ E 2

y0

��a11b12 � a12b11�
O 2E 2

0

� 2
2Ex0Ey0�a12b12 ÿ a11b11�

O 2E0 2
. (10)

Substituting (2) and (8) into (10) and performing trigono-
metric transformations, we énd

sinR � Db
2

�x� g=2��1ÿ cos 2Oz� cos 2aÿ O sin 2Oz sin 2a
O 2 .

(11)

It is clear from (11) that the phase delay is due to the built-
in linear BR (Db=2 factor) and is a periodic function of
ébre length, z. At a given value of z, one can obtain

a b
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0

Figure 1. Polarisation state evolution (from right to left) along a spun
ébre as represented in the complex plane: Lb � 15 mm, Ltw � 4 mm,
z � 50 mm, azimuth of the linear polarisation of light at the ébre input
a � (a) 0 and (b) 458.
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Figure 2. Polarisation state evolution (from right to left) along a spun
ébre as represented in the complex plane: Ltw � 4 mm, z � 50 mm,
a � 458, Lb � (a) 15 and (b) 10 mm.
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periodic variations in phase delay between its minimum and
maximum values by varying the spatial frequency, O,
through elastic twist of the ébre around its axis. Indeed, it
follows from (4) and (5) that elastic twist with an increase in
jjj causes a monotonic variation in spin pitch and weak
circular BR, changing the spatial frequency, O [see (3)]. The
coefécients of the harmonic functions in (11) are insensitive
to elastic twist.

In Fig. 3, the phase delay, R, calculated using Eqn (11) is
plotted against elastic twist angle, j, for a typical spun ébre
with a beat length Lb � 15 mm and a spin pitch
Ltw � 4 mm. It is seen in Fig. 3a that, when the polarisation
at the ébre input is parallel to the x axis of the ébre (a � 0),
the elastic twist causes the phase delay to periodically vary
from 0 to � 158. The oscillation period in terms of the twist
angle is � 1808. Similarly, if incident light is polarised at 458
to the linear BR axes at the ébre input (a � 458), the phase
delay varies periodically from about ÿ7:58 to �7:58 (the
same oscillation amplitude of 158) with the same oscillation
period as above.

Note that, in Fig. 3, the circular BR that results from
twist is too weak to show up. This is due to the great length
of the spun ébre under investigation, z � 1 m, so that a twist
of seven turns leads to a circular BR beat length
Lc � 1 m4Lb. At a spun-ébre length z � 10 cm, a twist
of seven turns will markedly reduce the phase delay
oscillation amplitude (by approximately 20%), but the
circular BR will be still weak, and its beat length, Lc �
10 cm, will exceed the linear BR beat length, Lb � 15 mm.

Consider now relation (11). Let the input beam be
linearly polarised along the x axis (a � 0). Then
sin 2a � 0, and an elastic twist of the spun ébre causes
sinR to vary from zero to its maximum value [see (11)]:

sinRmax � 2
Db�x� g=2�

2O 2
� 4x0Db

Db 2 � 4x 2
0

, (12)

where x0 is the angular rotation rate in the absence of
elastic twist [see (4)]. It follows from (12) that the maximum
phase delay, Rmax, can reach p=2 only when Db � 2x0, i.e.,
when the beat length of the built-in linear BR is half the
spin pitch: Lb � Ltw=2. At the same time, further increasing
the built-in linear BR reduces the phase delay, as illustrated
in Fig. 4.

Thus, measuring the phase delay as a function of elastic
twist angle, R(j) (Fig. 3), and determining the maximum
phase delay from the peak-to-peak oscillation amplitude,
one can énd the beat length of the built-in linear BR in a
rather wide range, from � 100 to � 0:1 mm, using Eqn (12).
Note, however, that function (12) is ambiguous, and one
should know whether the beat length Lb is greater or less
than half the spin pitch, Ltw=2. In spun microstructured
ébres, the beat length lies in the range Lb < 0.1 mm [11 ë
13], where the procedure in question is inaccurate (see
below).

Consider now the variation in oscillation period under
such conditions. At a ébre length z � 1 m, the contribution
of elastic twist to x0 is not large [see (4) and (5)]:
j=z� j=(2mz)5 x0. The spatial frequency O is given by

O �
����������������������������������������������������������������
Db
2

�2
� x 2

0 � 2x0

�
j
z
� j
2mz

�s

� O0

�
1� x0

O 2
0

�
j
z
� j
2mz

��
, (13)

where O 2
0 � (Db=2)2 � x 2

0 . The sine argument in (11) is

2Oz � 2O0z�
2x0
O0

�
1� 1

2m

�
j. (14)

The oscillation period in terms of the elastic twist angle,
Dj, can be found by equating the second term on the right-
hand side of (14) to 2p:
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Figure 3. Phase delay R as a function of elastic twist angle j for a 1-m-
long spun ébre with a built-in linear BR: Lb � 15 mm, Ltw � 4 mm, a �
(a) 0 and (b) 458.
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Figure 4. Maximum phase delay, Rmax, as a function of the beat length
of built-in linear BR, Lb, for a spun ébre at a � 0, Ltw � 3 mm and
z � 1 m.
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Dj � O0

x0�1� 1=�2m�� p . (15)

Knowing the spin pitch Ltw and experimentally determining
Dj, one can énd the beat length of the built-in linearly BR
from (15):

Lb �
Ltw

2

����������������������������������������������������
�1� 1=�2m��2�Dj=p�2 ÿ 1

q . (16)

For a spun microstructured ébre, we have Db4 x0 and
O0 � Db=2. Therefore, the beat length is given by

Lb �
Ltw

2�1� 1=�2m��
p
Dj

. (17)

Figure 5 shows the phase delay as a function of elastic
twist angle at a � 458, a ébre length z � 1 m, spin pitch
Ltw � 3 mm and beat length Lb � 0:075 mm. As seen, the
oscillation period of the phase delay, R, is about nine turns.
Figure 6 plots Dj against the beat length of the built-in
linear BR, Lb. The oscillation period Dj rises steeply with
decreasing beat length Lb. In particular, Dj � 139:8p, or
� 69:9 turns, at Lb � 0:01 mm. As seen in Fig. 5, the
oscillation period can be determined from the slope of
the measured R(j).

3. Experimental

Figure 7 schematically shows the experimental setup used.
The light source is a 1.55-mm semiconductor laser ( 1 )

energised from a stabilised current source ( 2 ). The parallel
light beam formed by an objective ( 3 ) passes through a
mechanical chopper ( 4 ) and linear polariser ( 5 ). Rotating
the polariser changes the azimuth angle a relative to the
linear BR axes at the ébre input. Another objective ( 6 ),
with a positioning stage ( 7 ), focuses the beam onto the
input end of a spun ébre ( 8 ) secured to the table ( 9 ) of a
tensioner with an optical cement ( 10 ). Tension is applied
through a élament thrown over a pulley ( 11 ) and is
produced by a load of � 0:4 N ( 12 ). The ébre is twisted
around its axis by a rotor ( 13 ), with the output ébre end
secured to its table with an optical cement ( 10 ). The beam
emerging from the output ébre end passes through an
analyser ( 14 ) and is detected by a photodiode ( 15 ). The
modulated photocurrent is fed to a lock-in ampliéer ( 16 ),
whose signal is measured by a digital voltmeter ( 17 ).

The phase delay, R, can be found from the known
relation

cosR � Imax ÿ Imin

Imax � Imin
, (18)

where Imax and Imin are the intensities obtained by rotating
the analyser ( 14 ) and characterising the ellipticity of the
output beam at zero dichroism of the ébre.

To check the above theoretical analysis, we studied a
spun ébre with a known built-in linear BR: beat length
Lb � 15� 1 mm [14] and spin pitch Ltw � 3:5 mm. Our
experimental data are presented in Fig. 8. The difference
between the maximum and minimum phase delay is 138�
0.28. From (12), we then obtain Lb � 15:3� 0:3 mm.

An interesting distinction of the experimental data from
theoretical predictions (Fig. 3a) is that the R(j) curve is
elevated over the abscissa, which may be due to the effect of
the ébre segment between the alignment stage ( 7 ) and the
point where the ébre is secured to the table ( 9 ) of the
tensioner. The length of this ébre segment (which is
obviously untwisted) was 40 cm. The solid curve in
Fig. 8 was calculated with allowance for this ébre segment.
As seen, the calculation results for a beat length Lb � 15.2
mm agree well with the experimental data.

Note that éve turns do not change the phase delay
oscillation amplitude. This means that the effect of twist-
induced circular BR is negligible and that there is no built-in
circular BR in the ébre.

Figure 9 presents experimental data for a spun micro-
structured ébre [12, 13] with a built-in BR beat length less
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Figure 5. Phase delay R as a function of elastic twist angle j for a 1-m-
long spun ébre with a built-in linear BR: Lb � 0:075 mm, Ltw � 3 mm,
a � 458.
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Figure 6. Elastic twist period Dj against the ratio of the beat length of
built-in linear BR, Lb, to the spin pitch, Ltw, for spun ébre.
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Figure 7. Schematic of the experimental setup for phase delay measure-
ments: ( 1 ) light source (semiconductor laser), ( 2 ) laser power supply,
( 3 ) collimating objective, ( 4 ) mechanical chopper, ( 5 ) polariser, ( 6 )
objective for coupling the beam into ébre; ( 7 ) alignment system, ( 8 )
ébre, ( 9 ) table of the tensioner, ( 10 ) optical cement, ( 11 ) pulley, ( 12 )
load, ( 13 ) table of the rotation system, ( 14 ) analyser at the ébre output,
( 15 ) photodetector; ( 16 ) lock-in ampliéer, ( 17 ) digital voltmeter.
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than its spin pitch: Lb � 1 mm, Ltw � 3 mm. The phase
delay (peak-to-peak amplitude in Fig. 9) is R � 628. As
apparent from Fig. 4, determining the beat length from the
phase delay [Eqn (12)] we obtain two values: Lb � 0:9 and
3 mm. It is worth while to verify this result using elastic
twist period measurements. The measured Dj in the ébre is
2868. From (17), we obtain Lb � 1:08 mm. Thus, starting at
a beat length Lb � 1 mm, elastic twist period measurements
give more accurate Lb values.

The proposed procedure for measuring the beat length
of built-in linear BR in spun ébres was applied to a spun
microstructured ébre with a high built-in linear BR. The
measurement results are presented in Fig. 10. The exper-
imentally determined Dj of this ébre is 5258. From (17), we
obtain Lb � 0:5 mm. It is worth pointing out that the
oscillation amplitude is substantially smaller than that
predicted theoretically. The ébre length was � 1:5 m,
and the depolarisation properties of spun ébre might
play a signiécant role [15]. Indeed, the injection laser
used in the measurements had an emission bandwidth of
� 0:1 nm. According to earlier estimates [15], this gives a
coherence length of � 3:7 m at Lb � 0:5 mm.

It may be that depolarisation also inêuenced the results
for the previous ébre: the Lb estimated from the phase delay
oscillation amplitude (Lb � 0:9 mm) is smaller than that
estimated from the elastic twist period (Lb � 1:08 mm),
which can be accounted for by partial depolarisation.

4. Conclusions

The behaviour of the phase delay between linearly polarised
orthogonal modes in a spun ébre elastically twisted around
its axis is consistent with theoretical analysis in terms of the
helical structure of built-in linear BR [4 ë 7]. According to
this theoretical interpretation, the ébre has no built-in
circular BR. A weak circular BR only results from an
elastic twist of the ébre around its axis. This is supported
by experimental data.

The beat length of built-in linear BR in a spun ébre can
be determined experimentally both from the phase delay
oscillation amplitude as a function of elastic twist angle and
from the oscillation period.

Beat length determination from the oscillation amplitude
has the following drawbacks:

1. At a beat length Lb small compared to the spin pitch
Ltw, there is an ambiguity in Lb determination (Fig. 4).

2. At lowLb values, the ébre length necessary for
measurements is comparable to the coherence length of
the light source, which contributes to the error of Lb

determination (depolarisation reduces the phase delay
oscillation amplitude).

A drawback to Lb determination from the phase delay
oscillation period is that, at great beat lengths
(Lb > 10 mm), the oscillation period is a weak function
of Lb and this approach is less accurate than Lb determi-
nation from the oscillation amplitude.

Combining the two approaches, one can determine the
beat length of built-in linear BR in spun ébres in a wide
range: from � 0:01 to � 100 mm.
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Figure 9. Calculated phase delay R as a function of elastic twist angle j
(solid curve) for a spun ébre of length z � 1 m with a beat length of
built-in linear BR Lb � 0:9 mm and a spin pitch Ltw � 3 mm. The solid
triangles represent the experimental data.
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Figure 10. Calculated phase delay R as a function of elastic twist angle j
(solid curve) for a spun ébre of length z � 1 m with a beat length of
built-in linear BR Lb � 0:48 mm and a spin pitch Ltw � 3 mm. The solid
triangles represent the experimental data.
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