Model of an openable Faraday-effect
hybrid-current optical transducer based on a
square-shaped structure with internal mirror
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A new type of clamp-on magneto-optical current transducer based on the Faraday effect is presented. It
is openable, hybrid, and square-shaped, and it has an internal mirror that allows the current sensitivity
to improve and the effects of the optical activity and temperature-dependent linear birefringence to be
rejected. The design and the simulated behavior of the proposed device are described and compared with
the conventional (no mirror) transducer. © 1997 Optical Society of America

A magneto-optical current sensor (MOCS) is an opti-
cal device in which the polarization azimuth of a
linearly polarized light beam propagating inside a
dielectric is rotated under the influence of a magnetic
field generated by the electrical current to be mea-
sured. This kind of sensor has the advantages of
electrical insulation, high electromagnetic immunity,
and a simpler structure when compared with conven-
tional transducers. All-fiber and hybrid MOCS
technologies are currently used. In the former, an
optical fiber itself acts as a sensing element, forming
a coil-shaped optical path around the conductor.
However, it has important disadvantages owing to its
small Verdet constant and relatively high linear bi-
refringence. In the hybrid MOCS the optical path is
embedded in a magneto-optical material, and the fi-
bers are used as a communication channel between
the transducer and the optoelectronic unit. The ad-
vantages of this kind of sensor include its higher
Verdet constant and the possibility of removal with-
out cutting the electrical conductor. However, there
are several drawbacks related to the materials cur-
rently used, including optical activity, linear birefrin-
gence, and temperature dependence.

Several setups have been presented. Triangular!
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and circular? topologies are based on critical angle
reflections to avoid changes in the linear state of
polarization of the incident light. But precise de-
signs are required because variations in the reflection
angle cause disturbance of the linear polarization.
Note that this critical angle depends on the refractive
index, which is a function of the wavelength.

The proposed optical transducer has a square-
shaped geometry (Fig. 1). To allow the transducer
to be assembled around an existing conductor, it can
be broken into two symmetrical parts. This trans-
ducer uses dual-quadrature reflections to preserve
the linear polarization of light and to avoid the need
of critical angle reflections. The inclusion of a me-
tallic mirror at the end of the optical path improves
current sensitivity thanks to the nonreciprocity of the
Faraday effect, and it minimizes the effects of both
linear birefringence and optical activity (reciprocal
effect) with respect to the conventional square-
shaped transducer.?

It is well known that certain materials act as po-
larization rotators when placed in a magnetic field.
The orientation of linearly polarized light propagat-
ing in such materials suffers a rotation under the
influence of that field. This rotation is known as the
Faraday effect, which can be described as

F=V-B, 1

where B is the component of the magnetic flux den-
sity in the direction of light propagation and V is the
Verdet constant. Materials such as Y,Fe;0,, (YIG)
and Bi;,Si0,, (BSO) are currently used. YIG is a
ferromagnetic material with a high Verdet constant,
but it has several drawbacks, namely, its strong tem-



perature dependence, saturation, and hysteresis ef-
fects together with the fact that its magneto-optical
properties have geometric structure dependence.
BSO crystals are diamagnetic materials with a high
Verdet constant, which has little temperature depen-
dence.* However, BSO has optical activity, so that
the current sensitivity is slightly attenuated.

The operation principles of the optical transducer
are described below. For a current passing through
the conductor, the component B can be described as

B=pn-1/2w-r), (2

where . is the magnetic permeability of BSO (approx-
imately equal to that in vacuum), I is the electrical
current to be measured, and r is the distance to the
conductor.

Using Jones calculus, one can obtain the output
optical field for the proposed transducer topology of
Fig. 1:
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where ?(a) is the Jones matrix for a polarizer whose
transmission axis forms an angle a with the x axis:
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% is the Jones matrix for a magneto-optical crystal.
The A1l ... A4 subscripts refer to the four sides of the
forward optical path, and the B1... B4 subscripts
refer to the backward ones:

p =[B*+ 4G + F)*1'?, (6)

where F is the Faraday effect induced by the current,
G is the BSO optical activity, B is the total linear
birefringence per unit length, L is the side length,
and ¢ is the angle made by the characteristic direc-
tion of the linear birefringence with the x axis. To
obtain the Faraday matrix with the B1 ... B4 sub-
scripts, F' must be substituted by —F in Eqgs. (5) and
(6) to express the nonreciprocity of the Faraday effect.
%' is the matrix that corresponds to trajectories be-
tween quadrature reflections, and it is equal to the
unity matrix because the magnetic field is transverse
to the optical path. The reflection matrix (ideal mir-
ror) is

-1 0
QRMET:<O 1)- (7

%, and R are the matrices for total internal reflec-
tions at the transducer corners:
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where 8, and 9 are the phase jumps when the field is
either perpendicular or parallel to the plane of inci-
dence. They are both of the type exp(ja), so that
they have a unity modulus.

The square shape is based on dual-quadrature re-
flections,® so that reflections do not need to be at a
critical angle and they do not alter the state of polar-
ization of incident light. The total internal reflec-
tion produces a phase delay between the two
orthogonal components of the incident field:

(8.0
Eout - ( 0 Bl)Ein' (9)

In the second reflection, the parallel component is
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Fig. 1. Optical bulk current transducer with internal mirror.
The topology allows the transducer to be separated in two sym-
metrical pieces: 1, input point; 2-7, total internal reflection
points in the transducer corners; 8, reflection at the mirror.

now the perpendicular one and vice versa, so that the
total output field after the quadrature reflections is

10
Eout = 88L<O 1>Ein' (10)

As can be seen, the input state of polarization is
maintained. The mirror reflects the incident light,
so that the light travels backward along the optical
path to the emitter. To launch and gather the opti-
cal signal according to the requirements, the polariz-
ing unit shown in Fig. 2 is used. The input light,
which comes from a LED through a multimode fiber,
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Fig. 2. Polarizing unit: GRIN rod, gradient-index rod.

is converted into linearly polarized light. This light
passes through a nonpolarizing cube (NPC) and en-
ters the transducer. A polarizing beam splitter
(PBS) is used to separate the output light into its two
orthogonal states. The PBS is rotated w/4 with re-
spect to the input polarizer. These two signals are
sent to two PIN photodetectors, by using multimode
fibers, to obtain intensities I; and I,. When the clas-
sical method is used to avoid the intensity fluctua-
tions of the source, the output signal is
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where ¢ is obtained by substituting F' by —F in Eq.
(6). If G > B, the output can be approximated by

S(F) = sin(4FL,). (12)

This approach, when compared with the real re-
sponse, gives the following error:

error = [S(F, G, B) — S(F)]/S(F) X 100%. (13)
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Fig. 3. Output signal for the improved transducer as a function of
current and linear birefringence.

The response of the proposed transducer can be
compared with the response of the square-shaped
transducer with no mirror:

S(F) = (f‘)sin(th) - (E) sinz(szt> ,  (14)

which could be approximated by
S(F) =~ sin(2FL,), (15)

when the linear birefringence B approaches O.
Thus, compared with Eq. (12), this transducer pro-
duces half of the rotation of the response, as would be
expected since the optical path is twice as long in that
case.

We carried out simulations for an optical wave-
length of 830 nm, using a transducer with a 100-mm
side length and a total length L, of 400 mm. This
relates to a BSO Verdet constant V, and optical ac-
tivity of 3.2 X 1072 rad/mm T and 0.192 rad/mm,
respectively.

Current (A)

Fig. 4. Conventional square-shaped transducer response as a
function of current and linear birefringence.



The output signal for the proposed MOCS is shown
in Fig. 3 as a function of the current and the linear
birefringence. The current range is from 0 to 30 kA,
and the maximum linear birefringence is assumed to
be 0.01 rad/mm. This value corresponds to an
average-quality BSO crystal at 80 °C, so that a range
of 0-0.01 simulates a temperature change of approx-
imately 100 °C. Figure 3 shows that the ideal sinu-
soidal response remains for this range, and it can be
compared with the conventional (no mirror) square-
shaped setup response [Eq. (14), Fig. 4]. This is
strongly dependent on linear birefringence, and the
sinusoidal response disappears quickly when B is
nonzero. The figure also shows that the current
sensitivity (angle of rotation per unit current) for
this conventional transducer is half of the sensitiv-
ity of the proposed one. The error for a BSO trans-
ducer computed by using Eq. (13) increases for
small currents because the Faraday effect is
smaller than the effects of optical activity and lin-
ear birefringence.

In conclusion, a new magneto-optical current
transducer that uses a BSO crystal with an internal
mirror has been presented. The mirror causes an
improvement in the current sensitivity, and it mini-

mizes the effect of both the linear birefringence and
the optical activity. The temperature dependence in
the new transducer is determined by the variation of
the BSO Verdet constant.
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