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ABSTRACT
TRIUMF is presently in the project definition stage of its proposed KAON factory. The facility will require
approximately 300 dipole magnets. The rapid measurement of representative parameters of these magnets, in
particular effective length, is one of the challenges to be met. As well as the commissioning of a.c magnetic
field measurement systems based on established techniques a project is underway to investigate an alternative
method utilizing the Faraday Rotation effect in polarization preserving optical fibers. It is shown that a fiber
equivalent to a Faraday cell can be constructed by winding a fiber in a such a way that the induced beat
length Lp is equal to (2n+l) times the bending circumference, with n integer. Background to the subject and
preliminary results of the measurements are reported in this paper.

INTRODUCTION

The basis of the field measurement technique described
here is the Faraday rotation effect in which a magnetic
field induces optical activity in, for example, water or
glass. The resultant effect is the rotation of the plane of
polarization of a light beam passing through the medium.
The rotation is directly proportional to that component
of the field which is parallel to the light direction, the
strength of the field and the length of the interaction,
given by

F = ' B d z (1)

The constant of proportionality VA is known as the
Verdet constant. The effect is most easily observed using
solenoidal fields where the light and field directions can be
made parallel simply by shining light along the axis of the
magnet. Measurements were made at TRIUMF initially
on a large solenoid to demonstrate the effect. A tube of
distilled water was placed in the bore of the solenoid. The
rotation was determined using a simple polarizer-analyzer
setup. With no current in the solenoid coils the polarime-
ter was arranged such that net transmitted intensity was
a minimum. After the current was turned on the analyzer
was rotated to again reach a minimum. In this way the
change in angle of the analyzer was directly proportional
to the effective length of the magnet.
By placing a mirror at one end of the tube and reflecting
the light back along the water cell the Faraday effect is
doubled. This also has the advantage of having the input

light beam and detection electronics at one end. This
is desirable from the design consideration standpoint of
having a probe which one simply places in the magnet
aperture to obtain a signal proportional to the effective
length of the magnet.

The basis of the Faraday rotation effect is that there
must be a component of the field in the direction of the
light path. By using optical fibers is it possible to guide
the light BO that the requirement is mot. The remainder of
this paper describes the work we have performed towards
measuring fields and field integrals in dipole magnets. Pre-
liminary results are presented, and further work required
to increase the signal to noise ratio is described.

The extension of the above technique to measure dipole
fields using fibre optics requires an explanation of some
of the terms used. This background, presented below, is
followed by a discussion of the types of optical fibers used
and how the polarization properties change as the fiber is
wound to form field sensing coils.

STATES OF POLARIZATION
The familiar plane polarized light beam is a special case

of the more general state of polarization. This general
state is one in which the terminus of the electric vector
moves on the perimeter of an ellipse. The ellipse is char-
acterized by an azimuth angle <j>, the angle the major axis
of the ellipse makes with a reference axis, and an ellipticity
given by ip = tan - 1 (b/a) , the ratio of the minor to major
axes. Of particular interest is the case where b=a i.e cir-
cularly polarized light. A good description of the various
states of polarization (SOP) of light may be found in [1].



The SOP can always be resolved into two orthogonal plane
polarized components Ex and Ey where:

Ex = Axexp [i (cx + 2*i/t)]

Ey = [l (fy

(2)

(3)

The phase difference (ex — fy) is of more importance
than the absolute phases themselves. This is because the
phase difference can be related to the SOP, if (cx — cy)
= mr, with n integer, the light will be plane polarized,
whereas if i = MT/2 then the light will be circu-
larly polarized. In general the phase difference is not some
simple multiple of v and the light will be elliptically po-
larized.

As its name suggests, linear birefringence is the presen-
tation of different refractive indices to the two plane po-
larized components Ex and Ey of the incident light. This
birefringence results in the two components travelling at
different velocities and accumulating an extra phase dif-
ference. The result is a change in the SOP that evolves
as the light passes through the optically active medium.
Linearly birefringent plates and materials are also referred
to as retarders since one component is retarded in phase
with respect to the other.

Circular birefringence is the presentation of two differ-
ent refractive indices to two orthogonal circularly polar-
ized light components. A single plane polarized light beam
may be described as the sum of two equal amplitude circu-
lar components with electric vectors rotating in opposite
directions i.e right circularly polarized (RCP) and left cir-
cularly polarized (LCP) light. Under the action of circular
birefringence one component travels faster than the other
and a phase difference will again accumulate. On recom-
bination of the two components linear polarized light is
obtained again. However the azimuth angle of the plane of
polarization has rotated through and angle proportional to
the accumulated phase difference. The well known Fara-
day effect is thus magnetically induced circular birefrin-
gence.

Jones Calculus A convenient way of representing the com-
bined effects of polarization and retardation (birefringent)
effects as polarized light passes through optical elements
is provided by Jones Calculus [2] in which the effect of
optic elements on the SOP are described in a matrix for-
malism. The matrix elements are in general complex. The
components Ex and Ey are given by equations (2) and (3)
above. Now imagine the light striking a general polarizer
or retarder whose principal axes x' , y' are rotated through
an angle u from the reference axes x,y. Let Ex0 and Ey0

be the components of Ex and Ey in the frame of the el-
ement before passing through the element. After passing
through, these will become Ex l and Eyl given by:

(4)

(5)=EyOexp -1 —

where:
d=plate thickness
n=index of refraction
k= amplitude absorbtion coefficient

For a retardation plate the k values are the same but
the n values are different whereas for a polarizer the n
values are the same but the k values are different.

To derive the components E,i and Ey] in the measure-
ment frame one has:

Ex = Ex cos u + Ey sin ui

E!, = —Ex sintj + Ey cosu;

By elimination of E'x and Ey one has:

E x l =

(N'x - Ny)sinwcosuiEyo

(6)

(V)

(8)

(9)

(10)

(11)

Matrix Notation Equations (8) and (9) above may be writ-
ten in matrix notation as:

Eyi = (N'K - Ny)sinwcosuExo+

where:

Where:

S{«) =

N -

cosw — t
sinui cosw

N'

(13)

(14)

In this representation N describes the optical element,
S(ui) and S(— ui) rotate the coordinates into and out of
the frame of the element. The cumulative effect of many
elements can still be expressed as a single 2x2 matrix.

The inclusion of elements which simply rotate tht plane
of polarization is given by the matrix operator S(il>).

The expressions become simpler when the principal axes
of the retardation plate are parallel to the x and y axes of
the system. In this case the matrix of the plate may be
written as exp i#G where:

G = exp 17
0

0 \
exp -17 )

(15)

Here ^ is the absolute phase of the wave and 7 is the
phase difference caused by the retarder.



Similarly for a polarizer one has:

o P

of the fiber. These effects are described in detail in the
review article [5] and will be summarized here:

(16)

wheTe 0 < pi < 1 and 0 < p2 < 1
The action of simultaneous linear birefringence and

magnetically induced circular birefringence is simplified
by the use of Jones calculus as will be shown below.

SINGLE MODE FIBERS

In order for fibers to be used as field sensor based on the
Faraday effect, and as a light guide they must be able
to transmit polarized light with negligible depolarization
over the length of the fiber. Single mode fibers are de-
signed to guide a single transverse mode, that is the co-
herence of the guided beam is maintained [3] and this
beam retains its state of polarization (SOP).

Birefringence Effects in Fibers To guide a single mode or
polarized light beam the fiber cross section must have a
circular symmetry, both geometrically and in terms of the
material isotropy.

Whenever the circular symmetry of a fiber is broken,
either by geometrical deformation of the core, or by elasto-
optic, magneto-optic or electro-optic effects, birefringence
is observed. The single mode described above may be
thought of as two orthogonal "polarization eigenstates"
[4] which are also known as modes. Let these eigenstates
or modes be along the x and y axes of the fiber. Ideally
these two modes propagate with the same phase velocity,
when circular symmetry is broken these two modes then
propagate with different phase velocities. This difference
in the effective refractive indices is the fiber birefringence
given by:

/ ? = k o ( n x - n y )
2*

(17)

Where Ao is the free space wavelength of the light.
In the case of linear birefringence, if the polarization

eigenmodes are not aligned with those of the fiber the
SOP will evolve as the light travels along the fiber. Thus
injected linearly polarized (Ex = 1), light will become in-
creasingly elliptical, at some point Ey=l and Ex=0. After
a length Lp where the phase difference between the two
modes is 2T the light will again be linearly polarized in the
x direction. The two orthogonal modes therefore "beat"
together with a period which is known as the beat length
of the fiber. The beat length is given by:

L - ^ (18)

Birefringence Mechanisms As described above, birefrin-
gence is caused whenever the circular symmetry of the
fiber is broken. This may be deliberately introduced in
the manufacture of the fiber as will be described below.
Of interest to "s however are those effects introduced by
winding the fiber to form s field sensing coil. Birefringent
effects are introduced by asymmetric lateral stress, free
bending of the fiber, bending under tension, and twisting

Asymmetrical lateral stress

(19)

(20)

(21)

(23)

Where r=outer radius of fiber.
E = Young's' Modulus of the fiber,
f = Applied force per unit length.
C,/ko = strain-optical coefficient.

Fiber in a V-groove

0 - 2C, (1 - cos 26 sin <5) —

Where 26 is the enclosed angle of the groove.

Free bending
2

Where: R = bend radius. r= fiber radius.

Winding under tension (winding on a former)

0 = cj-

Where: v— Poisson's Ratio
t = f/*T2E = mean optical strain on fiber. Twisting

Where: g = -0.5njj(pn - p12)
Pn i P12 = components of the strain optical tensor
n0 = doping level of the fiber cladding.

The first three of these effects introduce linear birefrin-
gence into the fiber, whereas twisting introduces circular
birefringence. For large diameter wound coils the birefrin-
gence due to winding under tension is much larger than
that due to bending. However for smaller diameter coils
the magnitudes of 0 for each case are similar.

Polarization Preservation
The manufacture of fiber with a view to preserving the

SOP as it passes along the fiber can be approached from
two standpoints:

(a) If all birefringent effects are absent, then the SOP
is preserved, hence the manufacture of fibers which have
a high degree of circular symmetry. These fibers known
as low birefringence fibers are currently manufactured by
rapidly spinning the preform as the fiber is pulled [6].

(b) If birefringence pertubations cannot be avoided, the
mode coupling can be reduced if the internal fiber bire-
fringence 0, is made to far exceed all perturbing bire-
fringences. The injected polarization state will then be
preserved if it is co-incident with the eigenstate of 0, This
high birefringence can be introduced by stressing the fiber
core during manufacture using "bow tie" shaped cladding
material to induce asymmetrical lateral stress [7].



BIREFRINGENCE EFFECTS OF WINDING A
COILED FIBER OPTIC SENSOR

In general the action of winding a simple coil of fiber on
a former, which is small in diameter and placing the coil
ia a magnetic fieJd wiJJ produce a very complicated ef-
fect in terms of the birefringences induced. These effects
will be: (i) twist induced circular birefringence, (ii) bend
and tension induced linear birefringence and (iii) magnet-
ically induced circular birefringence. The combined effect
is quite complicated and computer modelling will be re-
quired to determine the net sensitivity of the arrangement
to a magnetic field.

It is possible to model the linear birefringence effects of
the fiber as a linear retarder [8].

E'z Wexp(j«/2)
-{ 0

0
exp(-i«/2) ) (

Ex

Where 6 is the total linear birefringence (induced phase
retardance) of the fiber and further to add the effect of
Faraday rotation:

Where:

A = cos {<t>/2) + j cos x sin («>/2)

B = sin x sin

tanx =

F = dl

In practice it may be very difficult or impossible to an-
alytically derive the Bensitivity of the fiber to the field in
the presence of the other birefringences. However by us-
ing a knowledge of how one may increase the sensitivity
to the field, and by the recoating the fiber coil to freeze in
these birefringences one may then calibrate the coil, which
would have a fixed response to a field, against a reference
magnet which has been mapped in detail with the NMR
technique.

A FIBSR OPTIC FARADAY CELL
A Faraday cell is a bulk optical component consisting

of two mirrored surfaces arranged parallel to each other
surrounding a volume of water as shown in Fig 1. Polar-
ized light incident on the cell will have its azimuth rotated
in the presence of the field B. The cell is limited to only
a few reflections since the incident plane polarized light
must be in the plane of incidence to be reflected and still
be plane polarized. The Faraday effect rotates the plane
after the first reflection and consequently the light is not

in the plane of incidence at the second reflection. More
reflections result in increasing ellipticity of the reflected
light until no net signal can be obtained with polarimetric
techniques.
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FIGURE 1. Faraday Cell Schematic.

Fiber equivalent
Consider the situation in which a fiber is freely bent

around a circle of radius R as shown in Fig. 2. In this
case the bend induced linear birefringence is given by (21)
above:

The fiber is wound 1.5 times around the circumference
of the circle to form the fiber probe shown. If the total
length of winding 1.5 turns is made equal to one half the
beat length Lp then a phase difference of T will be obtained
[11]. This induced phase difference is then exactly the
same situation as reflection at near normal incidence form
a metal surface.

FIGURE 2. Free Bending of a Fiber.

In order to calculate the bending radius required one
has:

h (26)

(27)

By rearranging and and using Lp = 2ir/0 one has:

R=15C. r 2

For the fiber we are using (Eotec/3M 34-LB-3102 low bire-
fringence fiber) r = 40 pm and C. = 2.68 x 106 m ' The
required bend radius is therefore 0.643 cm (0.253 inches).

A fiber equivalent of a Faraday cell is shown in Fig. 3. in
gchematic form. It consists of 23 vertical sections each 2.5
cm in length which are sensitive to the dipole field. The
fiber passes around 23 free bends of radius 0.250 inches
In practice the fiber is loosely wound around 23 studs of
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FIGURE 3. Fiber Equivalent Faraday Cell
Schematic.

the required diameter, in this way only free bending is
obtained (no bending under tension effects).

The sensitivity of the fiber cell to a dipole field, ramped
from zero to Ik gauss is shown in Fig. 4. X degrees of
rotation are observed for 23 passes through the field. Fur-
thermore the fiber device is not subject to the problems of
induced ellipticity encountered with the water type Fara-
day cell.

Ck. 1 w . t _ . _

FIGURE 4. Sensitivity of Fiber Faraday Cell as
Field is Ramped from 0-1.0 kGauss.

PRELIMINARY MEASUREMENTS OF DIPOLE
EFFECTIVE LENGTHS.

By winding many arms onto a fiber Faraday cell a sig-
nal can be obtained which is proportional to the effective
length of the magnetic field. Consider the arrangement
shown in Fig. 5. A Helium-Neon laser source is chopped
by CH to provide a reference signal for a lock-in ampli-
fier. A half wave plate rotates the plane of polarization
such that it coincides with one of the eigenmodes of the
fiber. The light is focussed on the fiber end using a 20x
microscope objective lens mounted on a micropositioning
device. The light then passes through a fiber type Faraday
cell as described above.

On leaving the fiber the light beam is expanded and
split into two arms by the beamsplitter. Analyzers Al
and A2 are arranged orthogonally such that signals corre-
sponding to Ex and Ey components are recorded by the
photodetectors PD1 and PD2. The photodetector out-
puts are connected differentially to the lock-in amplifier.
By connecting the photodetector outputs in this way it
can be shown that the signal recorded by the lock-in is
proportional to sin2F where F is the field induced Fara-
day rotation. F in turn is proportional to the effective
length of the magnet.

The arrangement is preliminary, noise sources in the sig-
nal and their reduction are described below. A comparison

TO LOCK-IN

A1 BS A/2 L

A2 Q TO CH

LOCK-IN

FIGURE 5. Measurement Optical Arrangement.
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FIGURE 6. Comparison of Integrated Fields
Length Obtained With a Hall Probe Survey and
Fiber Cell.

between measurements of effective length by this method
and by a series of Hall probe measurements numerically
integrated is shown in Fig. 6.

NOISE SOURCES
The signal to noise ratio is limited in this application by
shot noise of the photodetector, laser output drift and
random fluctuations in the light intensity output of the
fiber.

The fluctuations in the light intensity output are the
result of a combination of effects: (i) The micropositioner
which focuses the light into the end of the fiber is subject
to mechanical vibrations of the base (The measurement
equipment is presently set up on the mezzanine level level
of the proton hall extension where the ambient noise level
is 70 dB resulting in vibration of the mezzanine floor which
is transmitted to the optical table). The core diameter of
the fiber is 5.0 jim, the resulting dithering of the input
beam across the face of the fiber changes the intensity at
the output.

(ii)Since the bending of the fiber causes linear birefrin-
gence effects the input polarized light needs to be aligned



with a single eigenstate of the fiber. Vibrations of the
polarizer mounted at the laser output act to vibrate the
plane of polarization of the light focussed on the fiber end.
The result is the population of the orthogonal eigenstate
in a random fashion, these states then evolve along the
fiber and result in random intensity fluctuations of the
light intensity leaving the fiber.

At this time the random fluctuations far exceed the
other sources of noise. It is this fluctuation that further
work would seek to remove.

PROPOSED FURTHER WORK
Since the sensitivity of the fiber coils to dipole fields has
been shown, further work will be aimed towards (i) re-
ducing the major noise source from the signal and (ii)
to replace the bulk optical components (beam splitters,
polarizers) with their fiber optic equivalents (directional
couplers, fiber polarizers). These modifications will also
make the field measurement system practical to use. Fur-
thermore it is desirable to replace the helium-neon laser
with a diode laser and to directly mount this laser onto
the fiber end. This has the following advantages : (a) the
output from the diode laser can be modulated by the ap-
plication of a control voltage, this will serve to remove the
light chopping device from the system and will provide
a reference signal to the lock-in amplifier, (b) Since the
laser is permanently attached to the to the fiber the vibra-
tion/alignment problem described above will be removed.
By replacing the beam splitter with its fiber equivalent lin-
ear birefringence effects due to misalignment of the beam
splitter will be removed. It is possible that by realising the
polarimeter in fiber form would remove the major noise
sources from the system.

The transfer function of the polarimeter is dependent
on the operating point of the system i.e the the relative
alignment of the polarizers to the reference axis. By using
polarization state modulation techniques [4,9] it is possible
to hold the polarimeter in quadrature and to infer the
rotation angle from the control voltage applied to the servo
system. It is also possible to realise these polarization
state modulators in fiber form [10].

SUMMARY

We have demonstrated the sensitivity of fiber optic coils to
dipole fields. Our test dipole used a slowly ramping field
yet the operation would be the same if the field shape
is any function of time, for example, sinusoidally driven,
asymmetrically driven or asymmetrically driven with a d.c
bias.

Further work would seek to remove the sensitivity of
the system to mechanical vibrations and to realise the
system completely in fibre optics and solid state devices
without any bulk optical components and their requisite
alignment.
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