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high-throughput, low-cost commercial
polarimeter for biosensing.

The concept of near-field polarimetry
based on subwavelength gratings is pre-
sented in Fig.1(a). We realized gratings
for CO2 laser radiation at a wavelength of
10.6 �m on a GaAs substrate using
advanced photolithographic and etching
techniques. We demonstrated experimen-
tally the capability of our method to
measure the polarization state for fully
and partially polarized light [Fig.1(b-c)].
To demonstrate the use of a DSG for
polarimetry of partially polarized beams,
two independent CO2 lasers of orthogo-
nal linear polarization states were com-
bined by use of the setup depicted in the
inset at the top of Fig. 1(c). Figure 1(c)
shows the measured and the predicted
degree of polarization (DOP) as a func-
tion of the intensity ratio of the lasers.
This experiment shows the ability to
obtain all four Stokes parameters simul-
taneously, thereby emphasizing the good
agreement between prediction and mea-
surement for partially polarized light.

Recently we demonstrated a novel
method for formation of a complete
depolarizer based on a polarization-state
scrambling procedure over the space
domain.2 This element can be achieved
by use of cascaded, computer-generated,
space-variant subwavelength dielectric
gratings. Our spatial polarization-state
scramblers are compact, passive compo-
nents suitable for use with real-time
applications and monochromatic laser
radiation. These components are essen-
tial for removing undesired polarization
sensitivity in optical systems. We also
exploited space-variant subwavelength
gratings to demonstrate polarization
Talbot self-imaging, Pancharatnam-Berry
phase optical elements3,4 and formation
of vectorial fields.5
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POLARIZATION
Spatial Fourier-Transform
Polarimetry By 
Use of Space-Variant
Subwavelength Gratings
Erez Hasman, Gabriel Biener, 
Vladimir Kleiner and Avi Niv 

Polarization measurement has been
widely used for a range of applica-

tions such as ellipsometry, bio-imaging,
imaging polarimetry and optical com-
munications. A commonly used method
is measuring the time-dependent signal
once the beam is transmitted through a
photoelastic modulator or a rotating
quarter-wave plate (QWP) followed by
an analyzer. The polarization state of the
beam can be derived by Fourier analysis
of the detected signal. This method, how-
ever, requires a sequence of consecutive
measurements, thus making it impracti-
cal for real-time polarization measure-
ment in an application such as adaptive
polarization-mode dispersion compensa-
tion in optical communications.
Moreover, it involves either mechanically
or electronically active elements, resulting
in a complicated, cumbersome device,
not suitable for on-chip integrated 
applications.

We developed a novel method for
real-time polarization measurement by
use of a discrete space-variant subwave-
length dielectric grating (DSG).1 DSGs
are considered wave plates with constant
retardation and space-variant fast axes.
The grating is formed by discrete orien-
tation of the local subwavelength
grooves. The complete polarization anal-
ysis of the incident beam is determined
by spatial Fourier transform of the near-
field intensity distribution transmitted
through the discrete subwavelength
dielectric grating followed by a subwave-
length metal polarizer. Unlike other
methods based on Fourier analysis, no
active elements are required to deter-
mine the polarization state of an inci-
dent beam. Our method is suitable for
real-time applications and can be used in
compact configurations. It is possible to
integrate our polarimeter on a two-
dimensional detector array for lab-on-
chip applications to achieve a

Figure 1. (a) Schematic presentation of near-
field spatial Fourier-transform polarimetry
based on a discrete space-variant subwave-
length dielectric grating followed by a sub-
wavelength metal polarizer. Also shown, the
measured intensity distribution captured in a
single camera frame when the fast axis of the
rotating QWP was at angle 20 deg. (We used
a CO2 laser that emitted linearly polarized
light and replaced the polarization-sensitive
medium with a rotating QWP). (b) Measured
(circles) and predicted results (solid curves)
values for azimuthal and ellipticity angles as 
a function of orientation of the QWP. (c)
Calculated (solid curve) and measured (cir-
cles) DOP as a function of the intensity ratio
of the two independent lasers having orthog-
onal linear polarization states, as used in the
setup depicted in the top inset. The bottom
inset shows calculated (solid curves) and
measured (circles) intensity cross sections for
two extremes, I1 = I2 (DOP=0.059) and  
I2 = 0 (DOP=0.975).
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Polarization Control 
Using Photonic Crystals
D. R. Solli, C. F. McCormick, R. Y. Chiao 
and J. M. Hickmann 

In recent years, there has been a great
deal of interest in photonic crystal

structures.1 A photonic crystal is a peri-
odic, usually dielectric, structure that—as
a result of interference between multiple
Bragg reflections—exhibits transmission
gaps for electromagnetic (EM) radiation
within certain frequency and wave vector
bands. The band structure depends on
the specific geometry and composition
of the crystal. The transmission proper-
ties of photonic crystals have been com-
pared with the electronic bands of
solid-state materials.

In addition to their unusual power
transmission properties, photonic crys-
tals impart nontrivial dispersive phases to
transmitted waves. This can be very
important in applications where the light
is transmitted through the crystal instead
of reflected. It has been shown that the
dispersion relation for waves propagating
in the plane of symmetry of a two-
dimensional (2D) photonic crystal
exhibits polarization-dependent proper-
ties within the band gap.2 Since the trans-
mission profile of the band gap depends
on polarization, this result is not surpris-
ing. Somewhat more unexpected is the
fact that nontrivial birefringent phase
effects also exist in the transparent
regions, over spectral frequencies away
from the band gap. It is well known that
an absorptive EM system can affect the
phase of a transmitted wave, even at
transparent frequencies. Although this
effect is often described in dissipative sys-
tems, it is actually a more general phe-
nomenon. In fact, the essential element is
merely a system with a frequency-depen-
dent transmission profile. Thus, the band
gaps of a photonic crystal should gener-
ate similar dispersive effects, even in
transparent spectral regions. Since bulk
2D photonic crystals have polarization-
dependent band gap characteristics, they
should also possess birefringent phase
delay properties over the entire spectrum.
It is also possible to understand the bire-
fringence through the cumulative effect
of Bragg reflections from multiple curved
interfaces; since the dielectric-air inter-

faces are not flat, the Fresnel coefficients
should depend on polarization, even at
normal incidence.

Recently we demonstrated that the
large birefringence of 2D photonic crys-
tals in transparent spectral regions can be
used to construct highly compact quar-
ter-3 and half -4 wave plates (of the order
of a few wavelengths in optical length),
scalable to any wavelength. The photonic
crystal wave plates can be tailored to spe-
cific situations, since their birefringence
is a property of the geometry and air-fill-
ing fraction (AFF). In Fig. 1(a), we show
the experimentally measured difference
between the indices of refraction as a
function of frequency for a photonic
crystal with hexagonal lattice and AFF
equal to 0.60. We also plot the difference
in the refraction indices necessary to con-
struct quarter- and half-wave plates. We
observe that these conditions are fulfilled
for both kinds of wave plate in the fre-
quency region under consideration.
Using the appropriate frequencies, we
have demonstrated the behavior of a
half-wave plate [as can be seen in 
Fig. 1(b)] and a quarter-wave plate.

Recently we also reported proof-of-
principle experiments demonstrating
other devices for polarization control
such as polarizers and polarizing beam
splitters based on a bulk 2D photonic
crystal.5 We showed that a bulk 2D pho-
tonic crystal can act as a polarizer if there
is sufficient separation between the band
gaps for different light polarizations. For
the frequency ranges in which the band

Figure 1. (a) Difference between the indices of refraction for transverse electric (TE) and trans-
verse magnetic (TM) polarizations �n(�) as a function of frequency for an eight-layer crystal.
Also plotted are the nth-order quarter- [QWC(n)] and half- [HWC(n)] wave birefringence condi-
tions. The crossing points between the two sets of curves determine the optimal frequencies for
constructing the wave plates. (b) Transmission of linearly polarized radiation through an eight-
layer hexagonal lattice half-wave-plate crystal as a function of the crystal rotation angle. Open
circles, detection at same polarization as the incident one; solid squares, crossed polarization.
Also plotted are the ideal expected transmissions functions, which show very good agreement
with experimental data.

gaps do not overlap, one polarization is
transmitted while the other is reflected.
The operation of the photonic crystal
polarization beam splitter was also
demonstrated by direct experimental ver-
ification.

In short, the study of photonic crystal
birefringence has produced interesting
ways to use these crystals as devices for
polarization control. Our results demon-
strate that extremely compact modular
optical elements, such as wave plates,
polarization discriminators, polarizing
beam splitters and even optical diodes,
may be possible with the use of photonic
crystals.
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Polarization-Dependent
Harmonic Generation in
Photonic Crystal Fibers
Fiorenzo G. Omenetto, Anatoly Efimov, 
A. J. Taylor, J. C. Knight, W. Wadsworth and
P. St J. Russell

Photonic crystal fibers (PCFs) con-
tinue to attract considerable attention

because of their unique structure and
optical properties. This has led to a
renewed interest in the study of nonlin-
ear processes in optical fibers, specifi-
cally with regard to supercontinuum
formation and various mixing and 
nonlinear frequency conversion pro-
cesses. High contrast core-cladding 
fiber (high-�) is particularly interesting
because of its ability to support several
guided modes in the visible and in the
near infrared.

We have described power-dependent
generation of visible radiation by 
coupling femtosecond pulses at a wave-
length of 1.55 �m in a 95-cm segment
of a high-� (i.e., high-air filling in the
cladding) photonic crystal fiber. This
fiber consists of a solid silica core 
2.5 �m in diameter, suspended in air 
by a web of submicrometer silica
strands with a cladding diameter of
90 �m. It exhibits sixfold symmetry in
its structure (see inset of figure). Two
bands of visible radiation were gener-
ated by temporal pulse splitting of the
fundamental pulse, followed by Raman
self-frequency shifting of one of the
split pulses and subsequent third har-
monic generation of both frequencies.1

The visible radiation generated is
dependent on the polarization state 
of the input pulse coupled into the
photonic crystal fiber.

We experimentally observed2 that
the propagation of a pulse of energy
that is fixed, yet linearly polarized along
different directions, yields distinct visi-
ble components at the output (see 
figure), suggesting a polarization-
dependent selectivity for phase match-
ing according to the input polarization
state. This analysis was performed 
in a Z = 20-cm segment of the same 
high-� PCF described above. These
components  correspond to the third
harmonic of the fundamental and the
self-frequency-shifted fundamental. In
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state. The extension of this approach to
include the use of such combined non-
linear phenomena in PCFs and nonlin-
ear fiber could lead to an avenue for the
development of all-fiber signal control
and in-fiber ultrafast optical switching.
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Figure 1. Far-field mode profiles detected at the ouput of the microstructured fiber for polariza-
tion states directed along the two previously identified principal axes. The axes are orthogonal
to one another. The inputs to the fiber are pulses at � = 1550 nm, � ~170 fs, with average
power of 25 mW. The two outputs are centered at (a) � = 533 nm and (b) � = 514 nm. These
modes have been experimentally proven to be high-order guided phase-matched third har-
monics of the fundamental and its Raman shifted component.

(a)

(b)

the analysis of these processes, we have
demonstrated that the third harmonic
components, which appear at the out-
put of the PCF as higher-order modes,
are guided in the core of the fiber by
comparing the experimentally imaged
near-field profile and the calculated
mode. The latter verifies the phase-
matching condition between the funda-
mental radiation propagating in the
fundamental mode (at �0 = 1550 nm)
and the corresponding high-order
mode in the visible.1, 3

Polarization-dependent selectivity,
combined with Raman self-frequency
shifting and third harmonic generation,
provides a means to generate specific 
harmonics and therefore a means to 
control the output’s visible frequency
through the input pulse polarization
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Unified Theory of
Coherence and
Polarization
Emil Wolf

A lthough there exists a good deal of
literature about polarization proper-

ties of light, the underlying theory has
hardly advanced since 1858, when C. G.
Stokes introduced four parameters that
now bear his name (Ref. 1, p. 348). A
severe restriction of Stokes’s theory is the
fact that his parameters contain informa-
tion only about correlations between
Cartesian components of the fluctuating
electric field vector at one point in space
and at the same instant of time. For this
reason, Stokes’s formulation cannot 
predict effects such as changes in the
degree of polarization as a light beam
propagates.

I have recently formulated a unified
theory of coherence and polarization2

that goes well beyond Stokes’s formula-
tion and that predicts a number of previ-
ously unknown properties of random
electromagnetic beams. The basic quan-
tity in the theory is the 2 � 2 cross-spec-
tral density matrix

W��(r1, r2,�)= �Ei
�(r1,�)Ej (r2,�)� , (1)

where Ei, Ej (i=x or y, j =x or y) are the
Cartesian components of the electric field
component of frequency � in two mutu-
ally orthogonal directions perpendicular
to the direction of propagation of the
beam and asterisks denote the complex
conjugate. The expectation value, indi-
cated by angular brackets, is to be inter-
preted in the sense of coherence theory 
in the space-frequency domain (Ref. 1,
Sec. 4.7). A procedure for measuring the
elements of the W�� matrix was described
in Ref. 3.

In terms of W��, the spectral degree of
coherence �(r1, r2,�) of the electric field
is defined by means of the visibility of
fringes produced in Young’s interference
experiment, following the well-known
approach used for scalar wave fields by
Zernike in a classic paper, and is found 
to be 

TrW�� (r1, r2,�)
�(r1,r2,�)=——————————    (2)—————  —————

√TrW��(r1,r1,�)√TrW��(r 2,r2,�)

where Tr denotes the trace. The spectral
degree of polarization at a point r is given
by the formula 

————————–/ 4DetW�� (r, r,�)
P (r,�)= 1– ———————   , (3)√ [TrW��(r,r,�)]2

Det denoting the determinant.
The W�� matrix satisfies precise propa-

gation laws. Using these laws, one can
determine how the spectral degree of
coherence, the degree of polarization and
the spectrum of the electric field change
as the beam propagates in free space or in
a linear medium, whether deterministic
or random.4 The theory also reveals some
properties of random electromagnetic
beams not previously known. It predicts,
for example, that a spatially fully coher-
ent beam may be completely unpolarized
at some points,2 and it provides an inter-
esting generalization of the classic
Fresnel-Arago interference laws.5
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Figure 1. Illustrating the arrangements for measuring the diagonal elements of the cross-spec-
tral density matrix. An opaque screen A containing two small pinholes at points Q1 and Q2 is
illuminated from the left by a random electromagnetic beam propagating close to the normal
to the plane (the z-axis). P is a point in the observation plane B. It is assumed that the lines
Q1P and Q2P make small angles with the z-axis. [From H. Roychowdhury and E. Wolf, Opt.
Commun. 226, 57-60 (2003).]
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