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A method for polarimetric measurement that uses a discrete space-variant subwavelength dielectric grating
is presented. One retrieves the polarization state by measuring the far-field intensity of a beam emerging
from the grating followed by a polarizer. The analysis for a partially polarized, quasi-monochromatic beam
is performed by use of the beam coherence polarization matrix along with an extended van Cittert—Zernike
theorem. We experimentally demonstrate polarization measurements of both fully and partially polarized

light. © 2005 Optical Society of America
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In recent years there has been considerable activity
in applying optical polarimetry to a range of applica-
tions such as ellipsometry, bioimaging, and imaging
polarimetry.1 A commonly used method is to measure
the time-dependent signal of a beam emerging from a
rotating quarter-wave plate (QWP) followed by an
analyzer and to then determine the polarization state
by Fourier analysis. Increasing demands for faster
and simpler methods has led to the develogment of
the simultaneous four-channel polarimeter.” In this
method the beam is split into four channels and each
one is analyzed by use of different polarization optics.
While this is being carried out, the real-time polar-
ization state is calculated from the measured inten-
sities. Unfortunately, implementations using this
method are rather cumbersome, as they require mul-
tiple components.® Recently, Gori theoretically pre-
sented a new approach to polarimetry that makes
use of a polarization grating composed of a space-
variant polarizer.* The method was based on measur-
ing the far-field intensity of the beam emerging from
the grating. The analysis was performed using Jones
calculus, which is suitable for fully polarized
illumination.’”” Polarization gratings based on space-
varying wave plates were also studied
theoretically”’ and were experimentally demon-
strated by use of subwavelength dielectric
gratings.5_7

In this Letter we present, theoretically and experi-
mentally, far-field polarimetry for fully and partially
polarized light obtained by use of discrete space-
variant subwavelength dielectric gratings (DSGs). To
analyze partially polarized illumination we resort to
the beam coherence polarization (BCP) matrix for-
malism on a helical basis, along with the extended
van Cittert—Zernike theorem.® The proposed polarim-
eter is highly efficient as a result of using a DSG,
which acts as a space-variant wave plate. Our polar-
imeter is a robust, passive, and compact system. The
far-field polarimeter was fabricated by use of photo-
lithographic techniques, thus making possible inte-
gration on a chip for biosensing applications.
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The concept of our method is introduced in Fig. 1. A
beam to be analyzed is incident upon the DSG, fol-
lowed by a lens and a linear polarizer. The DSG splits
the beam into three orders of different polarizations,
which are focused by the lens into three separate
spots. The polarization state of the incoming beam is
determined by analyzing the three spots’ intensities
at two different orientation angles of the polarizer.

The analysis of our polarimetric approach for par-
tially polarized quasi-monochromatic beams is conve-
niently performed by use of the BCP matrix
analysis.® This formalism is derived from a more gen-
eral case, the unified theory of coherence and polar-
ization, which was investigated by Mandel and Wolf.’
Assuming a beam propagating along the Z axis, the
BCP matrix for a plane at z = constant is defined as
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where jaﬁ(pl > P2 ,Z) = <E ka(pl 1Z)E,B(p2 7Z)>7 a, ﬁ:R, L’
and p;, po are the transverse position vectors of two
arbitrary points in the plane. The angle brackets de-
note a time average, E (p,z) is the helical base com-
ponent of the electric field, and R and L denote the
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Fig. 1. (a) Schematic presentation of a far-field polarime-
try based on a DSG followed by a Fourier lens (L) and a po-
larizer (P). Inset, magnified geometry of a DSG with a
number of discrete levels N = 4. (b), (c) SEM images of the
DSG, made on a GaAs wafer.
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right- and left-handed c1rcularly polarized (RCP and
LCP, respectively) states.® In this Letter we analyze
incident plane waves with uniform partially polar-
ized distributions. In this case the incident beam’s
BCP matrix, J;,(p1,p2,2=0), has degenerated to a
matrix of constant values. The BCP matrix just be-
yond the DSG was calculated as J,,(p1,p2,2=0)
=T"(p;)J;, T(ps), where T is the Jones matrix of the
element’ and the dagger denotes the Hermitian con-
jugate. The DSG behaves as a space-variant wave
plate element with constant retardation and a space-
varying fast axis, 6(§), along the ¢ coordinate. The
Jones matrlx of such an element is given in the heli-
cal basis by

10 0
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where a=[t,+t,exp(i¢)]/2, and b=[t,-t,
Xexp(i$)]/2, t, and ¢, are the transmission coeffi-
cients for light polarized parallel and perpendicular
to the subwavelength grooves, respectively, and ¢ is
the retardation of the subwavelength grating. We as-
sume the space-variant continuous groove orienta-
tion function to be 6(&)=(mé/d)|poq -» With period d
along the ¢ axis [Fig 1(a), inset]. The far-field BCP
matrix of the beam emerging from the DSG, Jy, is
calculated by use of the extended van Clttert—
Zernike theorem for partially polarized beams.® Thus
.]ff (rl’rZ’f) A/)\ngﬂjout(pl’p2)K (rl’pl)K(r27p2)d P1
Xd2%p,, with kernel K=exp[(-i27/\)rp], where
A= exp[zw(r22—r12)/)\ﬂ,r is the transverse position
vector in the far-field plane, fis the focal length of the
Fourier lens [Fig. 1(a)], and A is the wavelength. As a
result of the one-dimensional dependency of the DSG
in the % direction, r; and ry reduce to x; and x5, re-
spectively. The calculation for the far-field BCP ma-
trix yields Jpxy,x9,f)= A[770§(x1) Sog)d i, + nljlnLé(xl
- )\f/d)5(x2 MId)R+ 77 5(x1+)\f/d)5(x2+)\f/d)L]

where 7,=|a|? and 7,=|b>. R and L are the BCP ma-
trix representation for the RCP and LCP states, re-
spectively, where the matrix members are Ri;
=1, Ry9=Ry=R3=0 and, Lj;;=L;3=Ly=0, Lyp=1
and Jis the Dirac delta function. From the calculated
Jff it is evident that the far-field BCP matrix com-
prises three polarization orders. The first converges
to the point x; = x5 = 0 and maintains the incident
BCP matrix. The second order is the RCP converging
beam, with a spatial shift of \f/d in the x axis. The
third order has a polarization direction and a spatial
shift opposite those of the previous order. The shifts
of the last two polarization orders result from a phase
modification induced by the DSG. As this phase is
created by a polarlzatlon manlpulatlon by the DSG,
it is geometric in nature.”® Consider a RCP beam,
J;,=R, incident upon a DSG with 7 retardation and
transmission coefficients ¢, = ¢, = 1. In such a case,
79 = 0 and J reduce to the LCP order alone, with a
corresponding shift in the far field. LCP illumination
also results in a single polarization order with oppo-
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O ki

OPTICS LETTERS / Vol. 30, No. 17 / September 1, 2005

site polarization and opposite shift in the far field.
Identical results for the RCP and the LCP illumina-
tion were previously achieved using Jones calculus.%’
In a general case of a fully polarized incident beam,
which is the coherent sum of the RCP and the LCP
states, the BCP and Jones formalisms are in agree-
ment. When the DSG is illuminated with unpolarized
light, J;, becomes a unit matrix and the two shifted
polarization orders, R and L, calculated from Jy re-
sult in equal efficiencies. This outcome indicates that
the DSG acts on an unpolarized incident paraxial
beam as if it were an incoherent superposition of
RCP and LCP beams.

The far-field BCP
=T;(7)Jfpr(y), where T,(y) is the Jones matrix of a
polarizer oriented at angle vy. The intensity of the
beam emerging from the polarizer is calculated as
the trace of J, with x; = x9. The measured intensity
is separated into three spots, which are located at x
=\f/d, x=0, and x=-\f/d with magnitudes of I_;
=11(So—S3)/4, Io(y)=n(So+S; cos 2y+S, sin 27)/2,
and I,=17,(Sy+S3)/4, respectively. Sy, S, Sg, and S;
are the incident beam’s Stokes parameters Wthh are
relLated to the BC];’? matrix by SO— JLIB + Jm, S:= jfflL
+jin ’ SZ_ i Jin ) and S3_jin —Jin for P1=pP2. To
retrieve the Stokes parameters, two different mea-
surements are required. The first is obtained by ori-
enting the polarizer at 0° and capturing all three in-
tensity spots, I, I_1, [o(y=0°), whereas we obtain the
second by orienting the polarizer at 45° and analyz-
ing only the central spot, I,(y=45°).

To test our polarimeter we obtained a DSG element
by using advanced photolithographic techniques.’
The DSG element, which was designed for CO, laser
radiation of 10.6 um wavelength, was fabricated
upon a 500 um thick GaAs wafer with a subwave-
length period of A=2 um and grating period d
=2.5 mm. The DSG’s groove orientation is actually a
discrete function, F[6(§)]. This design procedure
yields a 98.7% diffraction efficiency for the ﬁrst dif-
fracted order when 16 discrete levels are used.® The
dimensions of the element were 25 mm X3 mm and
consisted of 10 periods of d. Figure 1(b) shows a
scanning-electron-microscope image of a region upon
the DSG, while Fig. 1(c) shows an image of a cross
section of the subwavelength grooves.

We used the setup depicted in Fig. 1 to test our con-
cept for polarization measurement, where the focal
length of the lens was f=1 m and the actual aperture
was limited by the DSG. First, we measured the bi-
refringent values of the DSG to be ¢,=0.85, £,=0.75,
and ¢=101°." The measured values were close to the
theoretical prediction achieved by using rigorous
coupled-wave analysis calculated for the groove
shape depicted in Fig. 1(c).

Next, to demonstrate the ability to measure fully
polarized light, we illuminated the polarimeter with
a linearly polarized CO, laser beam with a wave-
length of 10.6 um followed by a rotating QWP. The
rotating QWP was used as a polarization-state gen-
erator. The far-field intensities were captured by a
Spiricon Pyrocam IIT camera. In the case of fully po-
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Fig. 2. (a) Measured intensity in the focal plane of a beam
emerging from a DSG followed by a polarizer oriented at 0°.
(b) Measured (squares) and predicted (dashed curve) polar-
ization states of a rotating QWP depicted on a Poincaré
sphere. Measured (circles) and predicted (solid curves) val-
ues for (c) ellipticity angle y and (d) azimuthal angle ¢ as
functions of the orientation of the QWP. The inset in (c)
shows the setup for generating fully polarized light by use
of a rotating QWP. FFP, the far-field polarimeter.
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Fig. 3. Calculated (dashed curve) and measured (circles)
DOPs as functions of the intensity ratio of the two indepen-
dent lasers that have orthogonal linear polarization states.
The inset at the right shows the setup for combining the
two lasers to generate partially polarized light. PBS, polar-
ization beam splitter; M, mirror; L, lens; P, polarizer. Also
shown are the experimental intensity distributions for
DOPs of 0.15 and 0.92.

larized light, measurement with a single polarizer
orientation angle is sufficient, in which three Stokes
parameters are retrieved and the fourth parameter is
calculated by use of the relation S3=S%+S5+S%. Fig-
ure 2(a) shows the measured intensity distribution
captured in a single camera frame when the fast axis
of the QWP was set at a 0° angle and the polarizer,
placed at the focal plane, was oriented at 0°. Figure
2(b) shows the measured and predicted Stokes pa-
rameters on a Poincaré sphere for the analyzed inci-
dent beam. This figure provides a graphic represen-
tation that shows all four Stokes parameters
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simultaneously, thereby emphasizing the good agree-
ment between the predicted and measured values for
polarized light. Moreover, Figs. 2(c) and 2(d) show the
experimental and theoretical ellipticity, x, and azi-
muthal angle, ¢, calculated from the data in Fig. 2(b)
by use of the relations tan(2¢)=S,/S; and sin(2y)

=83/Sy. The measurements yielded standard devia-
tion errors with respect to the theoretical prediction
of 1.73° and 0.95° for the azimuthal angle and the el-
lipticity, respectively. The errors in the polarization
measurements result mainly from spatial inhomoge-
neity of the QWP retardation, which is +2°, but also
from statistical noise arising from spatial and tempo-
ral fluctuations of the light emitted from the laser
and from shot noise and amplifier noise of the IR
camera.

To demonstrate the use of our polarimeter for par-
tially polarized beams, we combined two independent
COy lasers in orthogonal linear polarization states by
use of the setup depicted in Fig. 3. The degree of po-
larization (DOP) is defined by DOP=(S,%+S,2
+S,%)2/8,. For two orthogonal, linearly polarized
beams, the DOP is (I;-15)/(I;+15), where I; and I,
are the intensities of the horizontally and vertically
polarized beams, respectively. For partially polarized
beams two different measurements are required,
which we can obtain by orienting the polarizer at 0°
and 45°. Figure 3 shows the measured and predicted
DOPs as a function of intensity ratio I,/1,. The inset
shows the experimental intensity distributions for
two extreme cases analyzed by a polarizer oriented at
0°. The first distribution is for equal intensities (I;
=1,), in which the measured DOP is 0.15, indicating
unpolarized light. The second is for illumination by a
single laser only (i.e., I,=0), in which the measured
DOP is 0.92, indicating fully polarized light. This ex-
periment shows the ability to obtain all four Stokes
parameters.

E. Hasman’s e-mail address is mehasman

@tx.technion.ac.il.
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