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Abstract- The magneto optic sensor is very fast (at the speed of light), sensitive, non-contact and EMI (electromagnetic
interference) proof in operation. It senses magnetic flux density by rotating the plane of polarization of the incident
beam of light passing through it based on Faraday Effect. The amount of rotation depends on the property (Verdet
Constant) of the magneto-optic element and the magnetic flux density. The general behaviour of this sensor is
nonlinear. But under certain condition it shows linear nature over a certain range about an operating point which can be
utilized in various applications. In this project this linear region of operation has been found and selected. The system
can be used as an optical switch operated by current. Terbium Doped Glass cylinder is used in the experimental setup
as the magneto optic element which is of length 30 mm, diameter 10 mm and with Verdet constant -104.42 rad/T m at

the wavelength of 543 nm. The magnetic flux density is produced by passing the current through a solenoid.
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INTRODUCTION

The magneto optic effect is first discovered by Michael
Faraday in the year 1845.So it is also called Faraday’s
Magneto optic effect. This effect says that when plane
polarized light is sent through a magneto optic element in
a direction parallel to the magnetic field, the plane of
polarization is rotated.

Polarization of light is nothing but the vibration of the
light wave in a particular plane. Natural unpolarized light
wave vibrates randomly in any plane. It means at a
particular time the vibrating plane of a particular wave
cannot be determined. If this unpolarized light beam is
passed through a polarizer then this permits vibration only
in a particular plane. Then that particular wave is said to
be a polarized beam, polarized at that particular plane.

The optical sensors are recently getting importance for
having several merits as they are free from stray
electromagnetic effect, capacitive effect as well as
advantages of electrical isolation, easy integration with
digital control system and large bandwidth etc [2]. In this
paper the magneto optic sensor system has been designed
and from this nonlinear system a linear pattern has been
found. The linear region of about 12 mm has been
observed in the solenoid.

DESIGN OF EXPERIMENTAL SETUP

The experimental setup is designed to find out the linear
behavior of proposed magneto optic sensor. The complete
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setup is clearly shown in Fig.1. The laser is the optical
source which emits an unpolarized beam of particular
wavelength. In this experiment two different laser
(different wavelength) have been used. One is Red light
which is of wavelength 635 nm and another is green light
which is of 543 nm. The laser source used here is diode
pumped solid state laser of 5 mW power. The optical
unpolarized beam is first passed through a sheet type
polarizer which polarizes the beam in a particular plane. In
this setup the linear polarizer has been used and so the
beam coming from the polarizer is linearly polarized
beam. After that this particular beam has to pass through
an electromagnetic solenoid which produces the magnetic
field. The solenoid here used is of length 95 mm, diameter
12 mm, and number of turns is 2600. The coil is made of
copper material and is wounded on an aluminum cylinder.
Initially the solenoid remains unenergized. A regulated
DC source and a regulated AC source have been used to
feed current (energize) to the solenoid. The resistance of
the coil is measured as 5.95 ohm. The polarized laser
beam is passed through a magneto optic element (TDG)
kept within solenoid. The same beam coming outside from
the solenoid is passed through again another crystal
polarizer called analyzer. At first this is very important to
find out the linear region of the solenoid as the sensor
(TDG) should be placed within this region of uniform
magnetic field. So experiments are performed each for DC
and AC input. The Fig.2 and Fig.3 are the plotted graph
showing length vs. flux from the experimental data of the
DC and AC input to the solenoid respectively. From this
graph it can be noticed that in the region from 4.6 to 5.8
cm starting from one end of solenoid, the magnetic flux

property is uniform. So the magneto optic sensor can be
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placed within the uniform region. In this setup the
Terbium Doped Glass (TDG) is used as this particular
sensor. The length of this glass is 30 mm and diameter is
10 mm. Another important property of magneto optic
sensor is verdet constant. The value of verdet constant of
this TDG used here is -104.42 rad/T m for laser
wavelength 543 nm. After passing through analyzer the
optical wave is focused on the photo detector. In this setup
the HP PIN photodiode is used. In this case the photodiode
output is measured as voltage output. Now if the current
input to the solenoid is changed then the state of
polarization of the output beam changes which can be
measured either in terms of analyzer angle or in the form
of photodiode output voltage. A number of experiments
have been performed by measuring different parameters
and the experimental data are plotted by using MATLAB
7.0. Most of the behaviors are nonlinear. But it is hopeful
to see that some region show linear relation. So they have
been considered. The data plotted in the Fig.4, Fig.5 show
the relation between analyzer angle and photodiode
voltage. Fig.4 is for DC input to the solenoid and Fig.5 is
for AC input to the solenoid. For each curve the input
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Fig.1. Schematic block diagram of the experimental
setup.
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current (DC or AC) is kept constant. These figures (Fig.4
and 5) are following Malus’ Law.

The photodiode response is observed by setting the
analyzer angle at 230 degree with respect to polarizer
angle fixed to 273 degree. This polarizer angle should be
taken as reference angle. So the relative angle between
polarizer and analyzer is 43 degree. The Fig.6 is formed
from the experimental data where the change of
photodiode voltage output is measured with the change of
solenoid input DC current and it is highly nonlinear. After
this observation the analyzer angle is fixed to 270 degree
where the polarizer angle is fixed at the same angle at 273
degree. So the relative angle between polarizer and
analyzer is 3 degree in this case. The Fig.7 formed from
this experimental data where the parameters have
considered same seems to be considerably linear.Hence
this figure can be considered practically. Both the figures
have been shown in Fig.6 and Fig.7 respectively.
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Fig.2. Electromagnetic characteristics curve of solenoid F19-5. Analyzer angle vs. Photodiode voltage output curve

for DC input current. for AC input current with Red laser(635 nm).
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Fig.3. Electromagnetic characteristics curve of solenoid Solenoid current U/p(DC)(Ampere)

for AC input current.
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Fig.6. Photodiode response at analyzer angle in nonlinear

region.
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Theory and anlysis

Fig.1 describes the whole setup of magneto optic sensor
measurement. Let the beam coming out from polarizer is
linearly polarized with azimuth a, has intensity l,. The
intensity of the output coming from the analyzer can then
written as

lou=1oMrotManaSin
)

Where M,,; and My, are respectively the Mueller matrices
of Faraday rotator and analyzer and S;, is the normalized
stokes vector of the linearly polarized beam input [3].

1 0 0 0
|0 cos20 -sin20 0
® 10 sin20 cos20 0
0 0 0 1
)
1 cos2a, sin2e, 0
_1|co2a,  cos'2a,  cos2a,sin2a, 0
T 2|sin2a, coR2e,sin2a,  sin’2a, 0
0 0 0 0
©)
1
| cos2a,
" | sin2e,
0
(4)

0, is the transmission angle of the analyzer and ay is the
transmission angle of the polarizer. 6 being the Faraday
rotation.

Considering linearly horizontally polarized (0,=0)
monochromatic input beam and combining the Egs. (1)-
(4),the expression for detected intensity of the output beam
is given by,

lout= 0.5 lIg[1+cos2 (6- a,)] (5)
Solving Eqn. (5)
lout = 15C05%0; When a,= 0 (6)

The Eqn. (6) follows the Malus’ law and according to
Malus, when completely plane polarized light is incident
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on the analyzer, the intensity | of the light transmitted by
the analyzer is directly proportional to the square of the
cosine of angle between the transmission axes of the
analyzer and the polarizer [15].
| = 1;,c05%0; (7

Where I, is the initial intensity and 6; is the angle between
transmission axes of the analyzer and the polarizer.

When a linearly polarized light passes through a magneto
optic medium in a direction parallel to the uniform
magnetic field, the Faraday rotation is given by the
relation

0 = Vyergel B (8)
Where Vet , | and B are wavelength dependent Verdet
constant of the TDG element, length of magneto optic
medium (TDG) and magnetic flux density of permanent
magnet respectively [8].

DISCUSSIONS

Fig.2 and Fig.3 show the electromagnetic characteristics of
solenoid. In both case a common linear region can be
found which is lying within 4.6 to 5.8 cm from one
particular side of solenoid. Only the uniform magnetic
field in this region of the solenoid should be considered.
Because remaining parts of both the graph is highly
nonlinear. So the sensor (TDG) is placed within this
region.

Fig.4 and Fig.5 both are following Malus’ law. By
comparing both these graph a common linear region can
be found which is in a range of 260-270 degree analyzer
angle (with respect to polarizer angle 273 degree). If the
polarizer angle is made different then at different analyzer
angle the linear pattern will come.

In Fig.5, it has been observed that the blue and red curve
makes phase difference of about 10 degree which is due to
thermally induced strain of solenoid (retardance). This can
be reduced to practically considerable range by releasing
temperature, produced by ohmic loss, after each
observation.

Fig.6 is obtained by keeping analyzer angle 230 degree.
From Fig.4 or Fig.5 it is clear that this angle is lying
within nonlinear region. So the change of photo diode
output with change in solenoid input current (Fig.6) is
highly non linear.

Fig.7 is obtained by keeping all the parameters same
except the analyzer angle which is changed to 270 degree.
From the Fig.4 or Fig.5 it is observed that this angle is
lying in the linear region. So the change of photo diode
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output with change in solenoid input current (Fig.7) is
practically linear.

CONCLUSION

The sensitivity of the magneto optic sensor can be
evaluated from the Fig.7. Another important parameter to
control sensitivity of the magnetooptic sensor is verdet
constant. It is different for different magneto optic element
as well as for different wavelength. In this experiment the
TDG material has been used. TDG has considerable good
value of verdet constant. To reach more sensitivity other
material can be used like Terbium Gallium Garnet (TGG).
Verdet constant of TGG and TDG at 632 nm is -134 and -
70 rad/T m.

Other parameters to increase sensitivity are length of the
magneto optic element in the uniform magnetic field and
magnetic flux density of the solenoid (Eqn.8). With
magnetic flux increase the Faraday rotation will also
increase. But it has a limit because more flux will cause
more heating to solenoid and more heating will cause
more retardance. So the phase displacement of Fig.5 also
will more.

The linear response of this magneto optic sensor can be
applied to different industrial applications involving
magnetic field. As an example it can be used to sense relay
in power system. This is non-contact type sensor so its
response is much faster than any other contact type sensor.
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