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bstract. For the first time to our knowledge, an experi-
ental evaluation of the Faraday effect–induced polariza-

ion rotation in a biological tissue phantom is reported.
he rotation of the polarization plane produced in the op-
ical beam propagating through an Intralipid solution was
valuated using polarization-sensitive optical coherence
omography �PS-OCT�, and the experimental results
losely matched the theoretical values. The angle of rota-
ion is proportional to the traversed path length along the
agnetic field and can potentially be used to estimate the

ctual penetration depth. © 2007 Society of Photo-Optical Instrumen-
ation Engineers. �DOI: 10.1117/1.2818103�

eywords: tomography; polarization; magneto-optics; fiber optics.
aper 07162LR received May 5, 2007; revised manuscript received
ug. 9, 2007; accepted for publication Sep. 5, 2007; published online
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The Faraday effect is a magneto-optical effect that pro-
uces the rotation of the polarization plane of light propagat-
ng along an optical material subjected to an external parallel

agnetic field. It is a nonreciprocal effect that happens in all
edia, and it is caused by the difference in the refractive

ndices of the two orthogonal circularly polarized components
f light. The rotation angle � can be expressed as follows:

� =
�

�
�nr − nl�l ⇒ � = V� H� · dl�, �1�

here nr and nl are the refractive indexes of the right-hand
nd left-hand components, l is the path length, � is the center
avelength, H is the magnetic field, and V is the Verdet con-

tant, a coefficient whose value depends on the material,
avelength, and temperature.1 The value of the Verdet con-

tant is inversely proportional to the wavelength, it being de-
irable to keep a short wavelength, close to the absorption
and, to maximize the magnitude of the Faraday effect. The
erdet constant is considered to be homogeneous �constant� in

he sample.
The Faraday effect has been used in many applications,

uch as optical isolators, current sensors, and semiconductor

Tel: +34942201545; E-mail: dpcubian@teisa.unican.es
ournal of Biomedical Optics 060502-
devices.2,3 However, it has never been experimentally evalu-
ated in biological studies, as the susceptibility of biological
tissues to this effect is extremely low, and therefore, the po-
larization rotation is very small. The sensitivity of modern
polarization-based detection systems has improved lately �1 to
10 �m� and is good enough to detect even small variations in
polarization. The polarization rotation resulting from the Far-
aday effect can be measured using measurement systems such
as polarization-sensitive optical coherence tomography �PS-
OCT�, which obtains both the Jones and Mueller matrices of
an optical sample. Moreover, since PS-OCT works in reflec-
tion configuration, the optical activity, which is a natural and
reciprocal effect, is cancelled, so the variations in the phase
introduced by an external magnetic field can be experimen-
tally evaluated and the value of the polarization rotation ex-
tracted without any distortion introduced by the intrinsic op-
tical activity. This magnetic field–induced polarization
rotation can be used as a parameter for the determination of
the real penetration depth of light into the sample. In samples
such as an Intralipid solution, it could be useful to determine
the density of the solution. In more complex biological tis-
sues, its value could be used to determine the true penetration
depth of light into a biological tissue.

Two different photons A and B propagating along a scat-
tering medium can travel two completely different trajecto-
ries, reaching the detector at the same time, so no difference
between the corresponding path lengths can be established
based on the time of detection. However, each can have a
different polarization rotation if the length of its optical path
projected onto the direction of an external magnetic field is
different �Fig. 1�. If a constant magnetic field is assumed, the
magnetic field–induced rotation angles �A and �B will be
given by:

�A = 2VHLA� ; �B = 2VHLB� . �2�

The difference between the rotation angles can provide a tool
for differentiating photons arriving at the detector simulta-
neously but with different paths through the scattering me-
dium. This is possible only for quasi-ballistic photons, where
the polarization information of light is kept. The degree of
polarization �DOP� is 1 for time t=0 and decreases exponen-
tially with time, depending on the class, geometry, and density
of the particles producing the scattering. However, if the time
of flight t�100 ps, a significant part of light remains polar-

1083-3668/2007/12�6�/060502/3/$25.00 © 2007 SPIE

Fig. 1 Two photons A and B simultaneously arriving at the detector
travel the same optical path lengths �LA=LB� but traverse different path
lengths �LA� ,LB�� in the direction of the external magnetic field, thus
encountering different polarization rotations.
November/December 2007 � Vol. 12�6�1
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zed, and polarization studies can be carried out.4–6 This con-
ition is satisfied in the PS-OCT system since the propagation
s basically ballistic, and therefore, light traversing the bio-
ogical sample can be considered polarized.

We used a PS-OCT system for imaging the cuvette con-
aining an intralipid solution both with and without a magnet
n the system.7–9 The schematic of the PS-OCT system is
hown in Fig. 2. A 1300-nm superluminescent diode �SLD� is
sed as a broadband optical source. The light passes through a
olarization modulator �PM� working as a linear polarizer
ith fixed orientation, thus setting the polarization state to

inear vertical. A nonpolarizing beamsplitter �NBS� diverts
ight into both the reference and sample arms. A rapid scan-
ing optical delay �RSOD� line is used in the reference arm to
ncrease the image acquisition speed. In the detection arm,
wo detectors PDH and PDV are used to obtain both the hori-
ontal and vertical components, respectively.10 Due to the
onfiguration setting, the PDV will detect a much higher sig-
al than the PDH, so the ratio of the intensities detected in
wo channels, D= IV / IH, will be very high �ideally, infinite�.

In our study, a 2% intralipid solution �reduced scattering
oefficient, �S�=3.0±0.1 mm−1� contained in a 1.25-mm-
hick glass tank is used to simulate the optical behavior of
iological tissues, which are mainly composed of water �more
han 80%�. The refractive index and Verdet constant of the
olution are assumed to be those of water1 for �=1300 nm
n=1.32, V�0.585 rad /T·m� and homogeneous in the
ample. The intralipid solution was placed in the magnetic
eld generated by the permanent magnet. In order to observe
ny changes in the phase of light propagating through the
olution that are induced by the presence of the magnetic
eld, two sets of measurements, with and without the magnet

n the sample arm, were performed. It is worth noting that the
avelength is not optimal, which reduced the sensitivity to

he Faraday effect.
A good solution combining both low price and relatively

igh field for the external magnetic field source is a perma-
ent magnet. In this experiment, a commercial neodymium
ron boron �NdFeB, sintered� permanent magnet providing a
esidual induction Br of 1.2 Tesla was used. This is a cylin-
rical magnet with both a diameter and a length of 25.4 mm
1 in.�. A plastic enclosure was designed and built to hold the
agnet and position it into the experimental setup. The mag-

etic field on the external axis of the cylinder �HC� is given
y:

ig. 2 Schematic of the PS-OCT setup. SLD—superluminiscent diode;
M—polarization modulator; NBS—nonpolarizing beamsplitter;
BS—polarizing beamsplitter; LP—linear polarizer; RSOD—rapid
canning optical delay line; PDH—horizontal detector; PDV—vertical
etector.
ournal of Biomedical Optics 060502-
HC =
Br

2
� �l + L�

��l + L�2 + d2/4�1/2 −
l

�l2 + d2/4�1/2� , �3�

where Br is the residual induction, L the length of the magnet,
d its diameter, and l the distance from the surface of the
magnet. Any rotation of the polarization state will result in an
increase of the PDH and a reduction of the PDV intensities,
therefore reducing their ratio D. Supposing very small rota-
tion angles, this reduction can be related to the polarization
rotation by the following approximated expression:

1

D�
=

1

D
+ tan��� , �4�

where D� is the new ratio, and � is the negative polarization
rotation, which reduces the value of D. The tank with the
Intralipid solution was placed in the sample arm with the
magnet 3 mm behind the inner wall surface closest to the
magnet �cumulative thickness of the tank wall and plastic en-
closure�. Since the expected polarization rotation is very
small, 1000 measurements were carried out to minimize the
influence of noise �variations of polarization, vibrations, and
other random variations�. These measurements were obtained
both in the presence and the absence of the external magnetic
field. The intensities of both orthogonal components was com-
pared on a logarithmic scale, and thus the ratio of the orthogo-
nal intensities was converted to a difference between the cor-
responding logarithmic values �DdB and DdB� �. We considered
the nonuniform distribution of the magnetic field along the
solution tank to obtain more accurate results. Every measure-
ment set was represented by the mean value of the Gaussian
function fitting the experimental data.

Based on the tank dimensions and the magnetic field char-
acteristics, the theoretical polarization rotation of the light
propagating along the solution tank was calculated to be �th
=−0.0365 deg. The measurements in the absence of the mag-
netic field yielded the difference between the orthogonal com-
ponents DdB=29.88±0.23 dB. Introduction of the magnetic
field reduces this difference to DdB� =29.69±0.18 dB. If the
number of points within a small range of the difference in
logarithmic scale is compared for the 1000 measurements car-
ried out per sample, a Gaussian distribution is obtained for
both with and without magnetic field. Both Gaussian func-
tions fitting the data points can be observed in Fig. 3. As
expected, a reduction of the parameter D was produced and

Fig. 3 Histograms of the ratios DdB and DdB� �log scale� for the two
orthogonal components in the presence �crosses� and the absence
�rectangles� of the magnetic field, and Gaussian functions fitting those
histograms.
November/December 2007 � Vol. 12�6�2
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he experimental polarization rotation corresponding to this
eduction is �exp=−0.0397 deg±0.0109 deg. This result is in
greement with the theoretical value, and the difference can
e explained by the noisy intensity measurements and the
mall inaccuracies in the tank dimensions and the position of
he magnet.

In conclusion, we have experimentally demonstrated that
he presence of an external magnetic field induces polarization
otation of light propagating through a 2% intralipid solution.
his rotation is small, around a theoretical value of

th=−0.0365 deg for the given sample geometry and system
arameters, but it can be detected using a PS-OCT system.
everal improvements such as the reduction of the optical
avelength and the increase of the magnetic field strength
ould boost the polarization rotation so that biological tissues

ould be analyzed. However, the validity of the theoretical
pproach has been confirmed and possible future applications
nclude the estimation of the real penetration depth of light in
omplex biological tissues.
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