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Spun microstructured optical fibres
for Faraday effect current sensors
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Abstract. We report a simple design of spun holey fibres and
the first experimental study of the magneto-optical response
of spun microstructured fibres with high built-in birefringence.
Such fibres enable the Faraday-effect-induced phase shift to
effectively accumulate in a magnetic field even at very small
coiling diameters. For example, the magneto-optical sensi-
tivity of a 5-mm-diameter fibre coil consisting of 100 turns is
~ 70 % that of an ideal fibre, in good agreement with
theoretical predictions.
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Microstructured optical fibres (MOFs) possess a number of
characteristics that make them rather attractive for
application in fibreoptic sensors of physical quantities. In
particular, polarisation-maintaining MOFs offer the advan-
tages of very low bending losses and excellent temperature
stability of their birefringence (BR) [1, 2]. In this paper, we
examine one more unique property of MOFs and its
possible practical application in Faraday effect current
sensors. As shown earlier [3—5], one of the most promising
types of fibres for current-sensing applications is spun fibre,
which is fabricated by spinning preforms with a built-in
linear BR (beat length, L;) during the drawing process.
Spun fibres have a helical structure of the built-in linear BR
axes, with a spin pitch L. Such fibres are stable to external
mechanical stresses and retain high magneto-optical sensi-
tivity down to very small bending radii, ~ 30 mm [3, 5].
Conventional spun fibres typically have L, > L,. Spin
pitches L., < 1 mm are technically difficult to produce,
whereas MOFs are characterised by a high built-in linear
BR: L, < 1 mm. For this reason, spun MOFs typically
have the inverse relationship: Ly < L.

Fibre bending with radius R induces an additional linear
BR with a beat length2 [6]
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where r is the outer fibre radius; n, is the refractive index of
silica; and / is the working wavelength.

The polarisation state (PS) of light propagating through
a fibre can be determined using a differential matrix N:
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where Er and Ej are the right-hand and left-hand circularly
polarised field components. In a circular polarisation basis,
the differential matrix for a fibre with a helical structure of
its linear BR axes that is bent with radius R and placed in a
magnetic field has the form [5]
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Here, Af = 2n/L,, is the rate of the increase in the phase
delay due to the built-in linear BR for waves with
orthogonal linear polarisations; & = 2n/L, is the rate of
the increase in the rotation angle of the BR axes with
increasing fibre length; 6 =2m/L;4 is the rate of the
increase in the phase delay due to the bend-induced linear
BR; ¢, is the angle between the bend-induced and built-in
linear BR axes;

y=VB.=2n/Lg €))]

is the rate of the increase in the Faraday-effect-induced
phase delay between waves with two orthogonal circular
polarisations, Fr and Ep; B. is the magnetic field along the
fibre; 7 is the Verdet constant of silica; and Lg is the beat
length of the Faraday-effect-induced circular BR.

Since (2) with matrix (3) cannot be integrated by
quadratures, it was solved numerically using computational
techniques described elsewhere [5]. To illustrate computa-
tion results, one typically resorts to the Poincare sphere
representation. We find the complex-valued electric compo-
nents £, and E, of the wave and then the corresponding

)
point y in the complex plane:

X::la/E;' (5)

As shown previously [7], the complex plane with points
defined by (5) is a map of the Poincare sphere. Its equator
projects onto the real axis of the complex plane, and the
points on the equator represent linear polarisations. In
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particular, the point y = {0,0} corresponds to the E||x
linear polarisation, and y = {oco,00} corresponds to the
E ||y linear polarisation. The poles of the Poincare sphere
(circular states) project onto the points y = {0,i} (right-
hand circular polarisation) and y = {0, —i} (left-hand
circular polarisation). The upper and lower half-planes
correspond to right-hand and left-hand elliptically polarised
states, respectively.

In magnetic field (electric current) sensors based on the
Faraday effect, two waves with orthogonal circular polar-
isations pass through a sensing element in the form of a
magnetic-field-sensitive optical fibre. The magnetic field
produces a phase difference between the waves, which is
measured by a linear reflective interferometer [5, 8] in which
all the phase differences between the orthogonally polarised
waves are compensated except for that due to the Faraday
effect. In our model, we examine the PS evolution of
circularly polarised waves. Any deviation from a purely
circular polarisation reduces the magneto-optical response
of the interferometer. The reason for this is that any
elliptical PS can be represented as a sum of two orthogonal
circular polarisations with different weights and phases,
which obviously make opposite contributions to the Fara-
day-effect-induced phase delay.

Calculating the complex-valued electric components of
the circularly polarised modes, one can easily determine the
Faraday-effect-induced phase difference between the modes,
S, and the relative magneto-optical sensitivity of the coil,
S/S.4, where Siq is the phase difference between the
circularly polarised modes in an ideal (isotropic) fibre.

Figure 1 illustrates the PS evolution in a fibre coil of
radius R = 6 mm with a helical structure of linear BR at a
spin pitch L, = 3 mm and different built-in linear BR beat
lengths, Ly (right-hand circular polarisation at the fibre
input).

In Fig. 1a, the PS evolution resembles the motion of the
tip of a gyroscope. The nutation loops touch an envelope
circle like in the case of precession. As shown earlier [5, 9],
the radius of the precession envelope p, depends on the
bending radius R: with decreasing R, p, increases and the
sensitivity of the coil diminishes. It can be seen in Fig. la
that the built-in linear BR (L, = 10 mm) cannot suppress
the bend-induced BR (L;,q = 108 mm), the PS passes to the
southern hemisphere, and the sensitivity drops to 0.3.

The nutation amplitude A, depends on the L, /L
ratio [5, 9]: the larger this ratio (the higher the built-in linear
BR), the greater the A, value and the lower the sensitivity

of the coil. As seen in Fig. 1b, increasing the built-in linear
BR (reducing the L) decreases the precession radius p,, and
concurrently increases the nutation amplitude A,,. The
high built-in linear BR suppresses the bend-induced linear
BR, but here the sensitivity is determined by the ratio
Ly, /Ly =1 (S/S;q = 0.74). At a still higher built-in linear
BR (Fig. 1c), the helical structure cannot suppress it, and
the A, amplitude is so large that the PS again reaches the
southern hemisphere of the Poincare sphere, and the
sensitivity of the coil, S/S;q, drops to 0.3. Here, we have
the relationship Ly < L,, typical of spun MOFs [10].
According to theoretical concepts [3, 5, 10], this would
be expected to markedly reduce the response.

It should be emphasised that, in our computations,
radiation launched into the fibre coil was assumed to be
circularly polarised. In the case of conventional fibres, with
L, > L, such radiation ensures the highest sensitivity. Our
results show that, with the inverse relationship (L, < L),
typical of spun MOFs, this can be achieved with elliptically
polarised light.

Figure 2 presents the PS evolution results for MOFs
modelled by a helical structure of their built-in linear BR
axes, with elliptically polarised light at the fibre input
(ellipticity angle &= 28°, tane = 0.53). As seen, the PS
does not leave the northern hemisphere, and hence a higher
sensitivity would be expected in comparison with Fig. lc.
Note that, in those computations, the bending radius (R = 3
and 2 mm) was considerably smaller than that in Fig. lc
(R =6 mm).

In this study, combining the technologies of micro-
structured and spun fibres, we were able to produce a
sensitive miniature fibre coil with a bending radius of
~ 2.5 mm, maintaining high magnetic-field sensitivity of
the coil.

The MOF was fabricated by the stack-and-draw techni-
que and had a simple configuration, with six holes and a
quasi-elliptical silica core (Fig. 3a). As shown in our
previous studies, this design ensures high linear BR, up
to 7 x 107 in the best samples. The spun MOF used in this
study had the following parameters: linear BR beat length at
1550 nm Ly ~ | mm, spin pitch L, ~ 3.5 mm. It is worth
noting that preform spinning during the drawing process
slightly changed the geometry of the holes in the MOF. In
particular, one of the holes was nearly collapsed (Fig. 3b).
This increased the loss to ~ 0.5 dB m’l, but the loss in
samples produced without preform spinning was 0.01-—
0.03 dB m™', suggesting that this drawback can be elimi-

Figure 1. PS evolution in a fibre coil of radius R = 6 mm with a helical structure of linear BR; spin pitch L,, = 3 mm; built-in linear BR beat length
Ly, =10 (a) 10, (b) 3 and (c) | mm; right-hand circular polarisation at the fibre input. The relative magneto-optical sensitivity is S/Siy = 0.295 (a), 0.74

(b), and 0.304 (c).
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Figure 2. PS evolution in MOF coils of radius (a) 3 and (b) 2 mm; spin pitch L, = 3 mm, built-in linear BR beat length L, = 1 mm. The relative
magneto-optical sensitivity of the coils is S/S;q3 = 0.608 (a) and 0.581 (b). Excitation by elliptically polarised light with an ellipticity angle & = 28°

(tane = 0.53).

Figure 3. Cross-sectional micrographs of MOFs produced by drawing
(a) without and (b) with preform spinning.

nated. An important point is that coiling our MOFs with a
radius R had no effect on the loss.

Figure 4 schematically shows the experimental setup
used to observe the Faraday effect in the spun MOF.
The setup included a fibre-optic polarisation interferometer
(FPI) [5, 8], which produced two orthogonally polarised
light waves. The main components of the interferometer
were a fibre-optic 1.55-um light source (7), photodiode (8),
circulator (9), fibre-optic polariser ( 10), piezoelectric fibre
birefringence modulator ( /7) and fibre delay line (/2). The
last two elements were fabricated from polarisation-main-
taining fibre. A key element of the FPI was a magnetic-field-
sensitive fibre coil (/) of radius R, consisting of N turns of
the spun MOF, with input (3) and output (4) ends. A wire
(2) passed through the coil carried a standard electric
current, I,. We fabricated several sensing coils with various
MOF winding radii, R. The output end of the coiled fibre
was perpendicularly cleaved and was used as a Fresnel

mirror (5) of the interferometer (in a number of experi-
ments, an aluminium mirror was used). Inserted between the
fibre quarter-wave plate (6) and the spun MOF coil were
sections of conventional spun fibre and spun MOF, so the
waves at the coil input had in general orthogonal elliptical
polarisations. The signal processing unit ( /3) measured the
amplitude of the modulation component of the current
through the photodiode for subsequent calculation of the
Faraday-effect-induced phase shift, ¢.

Figure 4. Schematic of the experimental setup.

The phase shift ¢ measured in the coil is related to the
current by

Pr = 4(S/Sia) VNI, (6)

where S/Siq<1 and ¥ =7x10"" rad A~" at a wavelength
of 1.55 pm.

The FPI was calibrated using a spun fibre coil with
Ly, ~6 mm, L, ~ 2.5 mm and a near-unity relative mag-
neto-optical  sensitivity. The interferometer enabled
measurements of expected phase shifts (¢p ~ 1 mrad)
with an uncertainty within 3 %.

Figure 5 plots the measured relative magneto-optical
sensitivity S/S;q against the bending radius of the spun
microstructured fibre. The sensitivity is seen to be inde-
pendent of R to within experimental uncertainty, with an
average of 0.67 £0.02. Also shown in Fig. 5 is the curve
computed with the same fibre parameters as in our experi-
ments, using a model for spun fibre proposed earlier [5]. The
light at the input of the fibre coil was assumed to have an
elliptical polarisation.



Spun microstructured optical fibres for Faraday effect current sensors

1077

S/Sia
0.7

0.6
0.5
0.4
0.3
0.2
0.1

0 5 10 15 20 25 500
R/mm

Figure 5. Measured (points) and calculated (solid line) magneto-optical
sensitivity as a function of the bending radius of spun microstructured
fibres.

Thus, our experiments revealed unique properties of
spun MOFs. First, the measured sensitivity markedly
exceeds that expected for spun MOFs with the above
parameters (L, < L) under excitation with circularly
polarised light. According to theoretical predictions [5],
the relative sensitivity S/S;q of spun fibre with L, =
3.5mm and L, = 1 mm under such excitation is 0.3.

As mentioned above, the highest sensitivity of a spun-
fibre coil with L, > L, is ensured when the waves at the coil
input are circularly polarised. For the inverse relationship
(Ly < L), theory predicts a drop in relative sensitivity to
0.3 [5]. The present experimental results are consistent with
theoretical predictions [5] if the ellipticity angle of the light
launched into the coil is 22.7°, which was the case in our
experiments. The light at the output of the quarter-wave
plate is circularly polarised. At the same time, the polar-
isation of the light at the input (and at the output) of the
sensing coil, after the fibre ends, differs markedly from
circular one, which follows from analysis of the wave
polarisation evolution in spun fibres [5] and is supported
by direct measurements of the ellipticity angle at the output
end of spun fibre [10, 11].

Secondly, the magneto-optical response of the spun
MOF is independent of bending radius down to values
as low as R = 2.5 mm. This can be explained by the stronger
built-in linear BR, unattainable in conventional spun fibres,
which suppresses the linear BR induced by small-radius
bending. Note the very small scatter in sensitivity for
different coil diameters.

Thus, we performed the first experimental study of the
magneto-optical response of spun microstructured fibres
with high built-in birefringence. The results demonstrate
that such fibres enable the Faraday-effect-induced phase
shift to effectively accumulate in a magnetic field even at
very small coiling diameters. The use of spun MOFs enables
an order of magnitude reduction in the minimum admissible
bending radius compared to conventional spun fibres. In
particular, the magneto-optical sensitivity of spun MOFs
remains constant at ~ 70 % of the sensitivity of an ideal
fibre down to a bending radius of 2.5 mm. Our experimental
data agree well with the modelling results for fibres with a
helical structure of the built-in linear BR axes. Moreover,
the present results suggest that spun MOFs are more
promising for enhancing the magneto-optical response of
current sensors than, e.g., dopants raising the Verdet
constant of silica [12]. Therefore, spun MOFs can be

used to fabricate miniature fibre coils consisting of 10’
to 10* turns for high-performance current sensors.
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