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Abstract. We present a theoretical and experimental study of radially
symmetric aberration caused by the differential transmission and phase
shift of p- and s-polarized components of an axial beam passing through
spherical lenses and plane parallel plates. We give a general description
of the aberrations for an axial beam. The extinction is calculated as a
function of the numerical aperture for uncoated lenses and for plane
parallel plates. In our theoretical analysis, the polarization of output rays
is described as a function of the input ray parameters, the shape factor,
and refractive index of the lenses used. For rays that are inclined to the
optical axis, optimal lens shape factors that minimize the rays’ polariza-
tion aberrations are found. Techniques for measurement of radially sym-
metric birefringence in a lens system are described. Finally, we discuss
strategies for polarization rectification and introduce new designs includ-
ing meniscus rectifiers and a liquid crystal rectifier that can actively com-
pensate a wide variety of polarization aberrations. Good correlations be-
tween theory and experimental results for microscope optical systems
with coated and uncoated optical elements are found. Our results enable
us to suppress depolarization and remove anomalous diffraction in a
modern microscope equipped with high-numerical-aperture lenses.
© 2002 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1467669]
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1 Introduction

The extinction factor of a wide-field polarizing microscop
rapidly drops as the numerical aperture of the objective
condenser lens is raised, even with a high-quality pola
ing system and the use of carefully selected lenses tha
free from strain birefringence and birefringe
inclusions.1–3 The loss of extinction originates from the di
ferential transmission~diattenuation! and phase shift~retar-
dance! between thep- and s-polarization components o
rays that pass through steep optical interfaces. Differen
transmission and phase shift lead to spatial polariza
changes in the exit pupil plane called ‘‘polarizatio
aberrations.’’4 The polarization aberrations cause undes
able polarization components~depolarization5! that reduce
the extinction in the image plane. The polarization aber
tions result in four bright quadrants separated by a d
cross, known as the Maltese cross, that is seen conos
cally in the exit pupil of a high-numerical-aperture~NA!
strain-free lens system between crossed linear polarize
the absence of a specimen. If crossed circular polarizers
used instead, a dark central disk is surrounded by a br
ring in the exit pupil. Polarization aberrations can also g
rise to anomalous diffraction, caused by a four-leaf clo
pattern that replaces the Airy disk when imaging wea
birefringent objects between crossed linear polarizers.6,7 In
Opt. Eng. 41(5) 943–954 (May 2002) 0091-3286/2002/$15.00
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general, polarization aberrations modify the point spre
function and the optical transfer function of optic
systems.8 Various possible theoretical pictures of polariz
tion state distributions in the exit pupil of lens system
based on a paraxial approximation of the effect of polari
tion aberrations can be found in published papers.4,9 Other
polarization optical devices, where lenses are used betw
polarizers, such as ellipsometers, polarimetric sensors,
optical disk systems with polarization reading
information,10–12 must also take into account the depola
ization caused by the factors considered here. In a sin
point scanning confocal imaging system, however, po
ization aberrations that occur in different quadrants of
exit pupil cancel each other and the extinction remains h
even when high-NA lenses are used.13

2 General Description of Polarization
Aberrations of an Axial Beam Passing Through
Lens Surfaces

An axial beam can be considered as being compose
individual rays that travel through lens surfaces each un
a different plane and angle of incidence. Because of
rotational symmetry of a lens the differential amplitud
transmission and phase shift between thep- and
s-polarization components of rays are radially symmetri
943© 2002 Society of Photo-Optical Instrumentation Engineers
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Let us consider an axial beam in a lens optical system. We choose polar coordinates at the center of an entrance
has unit radius. The polarization change of a ray with the radial coordinater (0<r<1) and azimuthu (0<u<2p) is
determined by the Jones matrixM(r,u):

M~r,u!5S cosu 2sinu

sinu cosu D •S Tp~r!exp@ iDp~r!# 0

0 Ts~r!exp@ iDs~r!#
D •S cosu sinu

2sinu cosu D
5

1

2
Tse

iDsS meiD111~meiD21!cos 2u ~meiD21!sin 2u

~meiD21!sin 2u meiD112~meiD21!cos 2u D . ~1!
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HereTp andTs are amplitude transmission coefficients
the p- and s-polarization components, andDs and Dp are
phases of the components after traversing the optical
tem. Parametersm andD describe the differential transmis
sion and radial retardance, respectively, wherem5Tp /Ts

and D5Dp2Ds . A small anglej is also used for the de
scription of the differential transmissionj5tan21(m21/m
11)'(1/2)(m21). Typically, in the center of the pupi
when r50, there is no differential transmission or pha
shift, and the parameterm equals 1 and the turn anglej is 0
deg. Toward the periphery of the pupil whenr increases,
the values of parametersm andj also increase. Differentia
transmission is usually stronger in a microscope with d
high-NA condenser and objective lenses when compare
oil-immersion systems. Radial retardance originates fr
the oblique passage of a ray through optical multila
coatings and from radially symmetric stress in lenses.

If the optical system, including the slide and cover s
that lie between the condenser and objective lenses, hN
surfaces, then

Tp5)
k51

N

tpk , Ts5)
k51

N

tsk , m5)
k51

N

m̂k ,

~2!

j'(
k51

N

ĵk , D5 (
k51

N

dk ,

where tpk and tsk are the amplitude transmission coef
cients, anddk is the phase shift for the optical surface wi

numberk. Hence,m̂k5tpk /tsk and ĵk5(1/2)(m̂k21).
Eigenvectors of the matrix of Eq.~1! are linearly polar-

ized. The polarization direction of thep component is along
the azimuth angleu of the rays. Coefficients of the differ
ential transmission and radial retardance only depend
the radiusr. The differential transmission and phase sh
lead to a polarization component in the beam that is
thogonal to its initial polarization.

The orthogonal polarization component reduces the
tinction of an optical system. The intensity ratio of the in
tial polarizationI x8 over the orthogonal polarizationI y8 of
the output beam is called the system extinction factork of
the complete optical system, such as a microscope.
extinction is measured in the image plane. The extinct
factor of the complete system can be derived from the
944 Optical Engineering, Vol. 41 No. 5, May 2002
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tinction of each individual ray h(r,u)
5@Ex8(Ex8)* #/@Ey8(Ey8)* #, which can be measured in th
exit pupil plane:

k5
I x8

I y8
5

*0
2p*0

1I ~r,u!~12h21!rdrdu

*0
2p*0

1I ~r,u!h21rdrdu

'
*0

2p*0
1I ~r,u!rdrdu

*0
2p*0

1I ~r,u!~r/h!drdu
, ~3!

whereI (r,u) is the intensity distribution of the initial beam
in the entrance pupil, andEx8 and Ey8 are amplitudes of
orthogonal polarization components of the ray after the
tical system. Note that there are also other sources of
polarization in optical systems such as the scattering
light by dust, contaminations, and mountings, and the b
fringence of glass. These should be removed carefully.

In the strict sense the preceding analysis treats only ‘‘
axis’’ beams. However, we are here concerned w
high-NA microscope systems with large magnification th
image only a small field of view. All rays that pass throug
this small field of view can be considered ‘‘on-axis’’ beam
For example, the objective CFN DIC Plan Achromat 403
with NA50.7 ~Nikon, part 85031! has a focal length of 4
mm and a field of view radius of 0.06 mm, approximate
In this case, the difference angle between a ray from
peripheral point in the object and a ray from its cent
which cross in the same pupil point, is less then 0.9 deg
the pupil center and less than 0.6 deg for the pupil peri
ery. Hence, peripheral object points will show almost t
same extinction as the central point and our results are
pected to apply for the entire field of view of a high-N
microscope.

Let us consider several particular cases. When the in
beam is linearly polarizedE5(0

1) then the field amplitude
of the output rays can be written as

E85
1

2
Tse

iDsFmeiD111~meiD21!cos 2u
~meiD21!sin 2u G . ~4!

This equation is derived by multiplication of the matrix o
Eq. ~1! and the vectorE. The extinctionh of a ray is de-
termined by
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h5
~m11!21~m21!2cos2 2u24m sin2~D/2!sin2 2u

@~m21!214m sin2~D/2!#sin2 2u

'
1

@ tan2 j1sin2~D/2!#sin2 2u
. ~5!

In the last term, the parameterj is used instead of param
eter m. That enables us to simplify the formula and
analysis.

As follows from Eq.~5!, when the optical system is pu
between two crossed linear polarizers, the image of the
pupil has a cross shape. The cross branches are paral
the polarizers.

If there is differential transmittance only but no reta
dance, then

E85
Tp1Ts

2 S 11tanj cos 2u
tanj sin 2u D . ~6!

Thus all output rays will be linearly polarized with a sma
rotation of the polarization planea compared to the initial
polarization plane:

a~r,u!5tan21S Ex8

Ey8
D 5tan21F tanj~r!sin 2u

11tanj~r!cos 2uG
'j~r!sin 2u. ~7!

Here we took into account that componentsEx8 andEy8 are
real.

The maximal rotation of the polarization plane is ne
the diagonal directions~u5645 deg) and equals aboutj.
The direction of rotation is positive in the first and thi
quadrants and negative in the second and fourth quadr
The exact value of the maximal rotation,amax, equals
tan21@tanj/(12tan2 j)1/2# and is observed at umax

56@45 deg1(1/2)amax#. Hence, the distribution of the po
larization plane rotation and the intensity distribution in t
Maltese cross are not quite symmetrical to the diago
axes.

In the case where there is only radial retardance,
field vector of an output ray is

E85eiDsS cos
D

2
1 i sin

D

2
cos 2u

i sin
D

2
sin 2u

D . ~8!

The output rays are elliptically polarized with azimuthg
and axes ratios:

g5
1

2
tan21F tan2~D/2!sin 4u

11tan2~D/2!cos 4uG'0

and

s5
sinD sin 2u

11~12sin2 D sin2 2u!1/2'~1/2! sinD sin 2u. ~9!
t
to

s.

l

Hence, the long axis of the vibration ellipse is almost p
allel to the initial polarization plane. The elipticity is max
mal in the diagonal directions and is zero foru50 and 90
deg. The sign of the ellipses are opposite in neighbor
quadrants.

Usually the entrance pupil of a microscope is illum
nated with a uniform beamI (r,u)5const, andh21(r)
!1. So from Eq.~4!, we obtain

k5
p

*0
2p*0

1r$tan2 j~r!1sin2@D~r!/2#%sin2 2udrdu

5
1

*0
1r$tan2 j~r!1sin2@D~r!/2#%dr

. ~10!

When the initial beam has left circular polarizationE
5(1/&)( i

1), then the output polarizationE8 is most con-
veniently described as a superposition of left and right c
cular polarization statesEl8 andEr8 :

E85El81Er85
1

2&
Tse

iDs~meiD11!S 1
i D

1
1

2&
Tse

iDs~meiD21!ei2uS 1
2 i D . ~11!

The extinctionh of a ray is determined by

h5
El8~El8!*

Er8~Er8!*
5

~m11!224m sin2~D/2!

~m21!214m sin2~D/2!

'
1

tan2 j1sin2~D/2!
. ~12!

Hence, in the case of crossed circular polarizers, the di
bution of light in the exit pupil corresponds to a dark ce
tral area surrounded by a bright ring. Extinction factork of
the complete optical system is determined by the ratio

k5
p

*0
2p*0

1r$tan2 j~r!1sin2@D~r!/2#%drdu

5
1

2*0
1r$tan2 j~r!1sin2@D~r!/2#%dr

. ~13!

When comparing Eqs.~10! and ~13! we can see that the
extinction factor for systems with crossed linear polariz
is twice as great than for crossed circular polarizers un
otherwise the same conditions. Moreover, the extinction
a system with crossed circular polarizers can further de
riorate by the use of imperfect quarter-wave plates for
circular polarizers.
945Optical Engineering, Vol. 41 No. 5, May 2002
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3 Radially Symmetric Polarization Aberrations
of Lenses and Plane Parallel Plates

3.1 Plane Parallel Plates

Glass plane parallel plates are often used between the
denser and objective lens of a microscope, for example
the ‘‘slide’’ glass, cover slip, etc. Between the two, th
specimen may be homogeneously immersed or mounte
media of various refractive indices. Usually the glass pla
do not have any surface coatings. Let us consider the
larization aberrations contributed by a plate like this. In
dence and refractive angles are noted as« and«8, respec-
tively. The refractive index of the plate isn. The focused
beam has an NA. We note that the multiple beam inter
ence inside the plate can ordinarily be neglected. We
sume that there is no phase shift between thep- and
s-polarization components~Sec. 1.2 in Ref. 14!. As follows
from the Fresnel formulas,14 the amplitude transmission ra
tio after passing the two surfaces of a dry plane para
plate is

m511tan2 ~«2«8!. ~14!

Taking into account that sin«max5NA and r51 for the
marginal ray, we obtain

sin«5rNA and sin«85
r

n
NA. ~15!

So the anglej can be found by

tanj5
n22@sin2 «1cos«~n22sin2 «!1/2#2

n21@sin2 «1cos«~n22sin2 «!1/2#2 . ~16!

Figure 1 shows the dependence of the ray extinctionh on
the sine of the incidence angle« for plates made from
Schott glasses BK-7 (n51.51) and SF-57 (n51.84). The
extinction applies for a circularly polarized ray or a linear
polarized ray with an azimuth of 45 deg. As we can see,
plate with higher refractive index glass introduces mo
polarization aberration. Theoretical studies of the rotat

Fig. 1 Ray extinction h versus the sine of the incidence angle e for
single dry plane parallel plates made from Schott glasses BK-7 (n
51.51) and SF-57 (n51.84).
946 Optical Engineering, Vol. 41 No. 5, May 2002
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of polarized light by plane parallel plates, based on sim
principles and with experimental verification, were pu
lished by Wright15 in 1923.

3.2 Uncoated Lenses

Let us consider a thin positive lens without coating.12 Cur-
vature radii of the first and second surfaces areR1 andR2 .
The focal length of the lens isf. Thus, the lens shape facto
K is

K5~n21!
f

R1
. ~17!

Incidence and refractive angles on the first and the sec
surfaces are noted as«1 , «18 , «2 , and«28 , respectively.

The amplitude transmission ratio after passing the t
lens surfaces is

m5
1

cos~«12«18! cos~«22«28!
. ~18!

As can be shown, a lens with equal differences«12«18 and
«22«28 induces a minimal anglej and correspondingly
minimal polarization aberrations. A similar method fo
minimizing depolarization in lenses was proposed
Wright15 in 1923.

In the case where a collimated axial beam falls on
lens

~«12«18!2~«282«2!5V, ~19!

whereV is the angle by which a ray is tilted to the lens ax
after passing through the lens. Thus, for an optimal lens
incidence and refractive angles are («12«18)5(«282«2)
5V/2 andh5@11cos2 (V/2)#2/sin4(V/2). For example, if
sinV50.3, thenh'7700.

A plane convex lens with the plane as the first surfa
has the shape factorK50 and differences«12«1850 and
«282«25V. Therefore its extinction ish51/@ tan4(V/2)#.
If sin V50.3, thenh'1900, that is, four times less than fo
the optimal lens.

Figure 2 gives the extinction as a function of the sha
factor for lenses made from Schott glasses BK-7n
51.51) and SF-57 (n51.84). This extinction correspond
to a circularly polarized ray or a linearly polarized ray wi
an azimuth of 45 deg. The initial ray is parallel to the le
axis. The ray angleV in the image field corresponds t
NA50.3. A drawing of lenses that conforms to the sha
factor K is shown below the graph.

As we can see the uncoated lenses from different ref
tive glasses have the same maximal extinction of ab
7700, which drops to about 1900 when the first surface
plane. Hence, the beam depolarization depends on the
shape factor. Lenses possessing shape factors betwee
and 1.0 have maximal extinction. Hence, lenses that p
duce about equal bending of the ray at both surfaces h
the best extinction. It is interesting to note that those len
also produce minimal spherical aberration. In contrast, m
nisci produce maximal polarization aberrations.
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4 Measurement of Radially Symmetric
Polarization Aberrations

4.1 Rotated Polarizer Technique

The first scheme for measuring the differential transmiss
and phase shift between thep- and s-polarization compo-
nents is presented in Fig. 3. Here the optical system w
radial polarization aberrations is placed between a lin
polarizer and analyzer. One of them can be turned. A B
trand lens creates an image of the exit pupil on a vid
camera. If the polarizer and analyzer are crossed, the im
shows a cross shape~Maltese cross! @see Fig. 4~a!#. When
the analyzer is turned by an anglex from the crossed posi
tion, the intensity distributionI (r,u) in the image is

Fig. 2 Ray extinction h of a ray with NA50.3 versus the shape
factor K for single lenses made from Schott glasses BK-7 (n
51.51) and SF-57 (n51.84). At the bottom of the figure, drawings
of lenses are shown that correspond to the shape factors (light
passes the lenses from left to right).
e

I ~r,u!5H @sin~2u2x!tanj~r!2sinx#2

1sin2 ~2u2x! sin2
D~r!

2 J I 8, ~20!

where it is assumed that valuesj andD are small, andI 8 is
the initial intensity distribution after the polarizer. Henc
the cross transforms into two arcs@see Fig. 4~b!#. The dis-
tance between the arcs depends on the analyzer azim
and the values of differential transmission. It can be sho
that if radial retardance is nonzero and overwhelms the
ferential transmission, then rotating the analyzer will n
produce dark arcs but will cause the cross to fade awa

For a pointA at radiusr along the diagonal with azimuth
coordinateu545 deg the intensity is

I A5H @ tanj~r!2sinx#21sin2
D~r!

2 J I 8. ~21!

In this equation, we assume thatx is small and neglect
terms withx4 and more.

Fig. 3 Optical setup for measuring differential transmissions and
phase shifts: M(r,u), microscope optical system under investiga-
tion; P(0 deg), polarizer with an azimuth of 0 deg; A(90 deg1x),
analyzer with an azimuth of 90 deg1x; WP(G,w); compensation
wave plate with small retardance G and an azimuth of w.
Fig. 4 Images of the back aperture of a microscope objective between linear polarizer and analyzer
during measurements of differential transmission and phase shift between the p- and s-polarization
components: (a) polarizer and analyzer crossed, (b) analyzer rotated by a small angle, and (c) polar-
izer and analyzer crossed and compensation wave plate rotated by a small angle.
947Optical Engineering, Vol. 41 No. 5, May 2002
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The intensity at a pointA along the diagonal is a mini
mum Ĩ A whenx5j(r):

Ĩ A5I 8 sin2
D~r!

2
. ~22!

The polarization turn anglej and retardanceD are equal to
zero at the center pointO(r50). The center point intensity
I O is

I O5I 8 sin2 x5I 8 tan2 j~r!. ~23!

Thus, we can find the anglej~r! by rotating one of the
polarizers to find the minimum intensity at a pointA with
radius r and azimuthu545°. At minimum intensity we
have

j~r!5x. ~24!

If the minimum intensity is not zero, the lens also posses
radial retardance. To determine the radial retardance
measure the minimum intensityĨ A at the pointA and the

intensity Ĩ O in the center of the pattern. Then the rad
retardanceD~r! is

uD~r!u52 sin21F S Ĩ A

Ĩ O

D 1/2

tanxG
'2xS Ĩ A

Ĩ O

D 1/2

52j~r!S Ĩ A

Ĩ O

D 1/2

. ~25!

This technique does not enable us to distinguish the s
and fast axes of the lens retardance. Also, the measure
requires a flat intensity distribution in the entrance pu
plane or Eq.~25! should be corrected.

4.2 Rotated Compensator Technique

It is also possible to employ a rotating compensator m
of a wave plate with retardanceG below 20 deg to find the
radial differential transmittance and retardance of a le
The compensator is shown in Fig. 3 by dashed lines.
polarizer and analyzer are crossed. In case of small valuj
andD, the intensity distributionI (r,u) in the image of the
exit pupil is described by

I ~r,w!5H sin2 2u tan2 j~r!

1Fsin
G

2
sin 2w1sin

D~r!

2
sin 2uG2J I 8, ~26!

wherew is the azimuth of the slow axis of the compensat
and I 8 is the initial distribution of intensity after the polar
izer.

When w50 deg @see Eq.~26!#, the intensity isI (r,u)
50 for points withu50 deg andu590 deg. This results in
a cross at the back aperture similar in appearance to
cross generated by differential transmission alone. Ho
948 Optical Engineering, Vol. 41 No. 5, May 2002
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e

ever, if the compensator is turned by an anglewÞ0, then
the cross transforms into two arcs. The distance betw
the arcs depends on the compensator azimuth and the v
of radial retardance. In the presence of differential tra
mission that overwhelms the radial retardance, the cr
fades away when the compensator is rotated.

For the diagonal pointA with azimuth coordinateu
545 deg the intensity is

I A5H tan2 j~r!1Fsin
G

2
sin 2w1sin

D~r!

2 G2J I 8. ~27!

This intensity has a minimumĨ A when sin(G/2)sin 2w5
2sin@D(r)/2#. Hence,

D~r!52G sin 2w, and

Ĩ A5I 8 tan2 j~r!. ~28!

Simultaneously the center point intensityI O is

I O5I 8 sin2
G

2
sin2 2w5I 8 sin2

D~r!

2
. ~29!

Thus, we can find the radial retardanceD~r! by searching
for the minimum intensity in a pointA with radiusr and
u545 deg and then determine the anglej~r! by measuring

the intensitiesĨ A and the center point intensityĨ O when the
minimum has been found:

j~r!5tan21 F S Ĩ A

Ĩ O

D 1/2

sin
G

2
sin 2wG

'
1

2
G sin 2wS Ĩ A

Ĩ O

D 1/2

52
D~r!

2
S Ĩ A

Ĩ O

D 1/2

. ~30!

This second technique with a rotating compensator ena
us to determine the sign of the lens retardance, but it p
cludes us from finding the sign of the anglej~r!. On the
other hand, the first technique with the rotating analy
enables us to determine the sign of the anglej~r! but does
not give us the possibility to find the sign of the lens ret
dance.

The described experimental procedures measure po
ization aberrations of the complete microscope optical s
tem. Other techniques could be employed to measure
2-D distribution of retardance and differential transmissio
for example, by Mueller matrix imaging polarimetry,16 po-
larized light microscopy using the universal liquid cryst
compensator,17 or phase shifting techniques.18,19If it is nec-
essary to find aberrations introduced by a single opt
component such as the objective or condenser lens s
rately, the polarization aberrations of the other compone
in the system should be known beforehand. Otherwise,
can either use a pair of identical lenses as condenser
objective20 or use a return path technique21 to measure the
differential transmittance and radial retardance of eithe
single objective or a condenser.



Shribak, Inoué, and Oldenbourg: Polarization aberrations . . .
Fig. 5 Meniscus rectifier for linearly polarized beam (Ref. 20).
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In Sec. 6 we present measurements of polarization a
rations of high-NA microscope lenses using the experim
tal procedures just described. However, first we disc
ways to reduce or almost eliminate polarization aberrati
in high-NA imaging systems.

5 Rectification of Depolarization in a High-NA
Microscope

To reduce the beam depolarization in a high-NA mic
scope a polarization rectifier can be used.20 Here two kinds
of rectifiers are described. The first contains a zero-po
meniscus. The second kind uses a sectored liquid cry
compensator. We can put one rectifier in the illuminati
path of the microscope before the condenser lens, or in
imaging path after the objective lens or two rectifiers
both places. In the last case different condenser and ob
tive lenses can be combined in the microscope and in
dition, a more uniform polarization pattern is produced
the specimen plane.

The first scheme of polarization rectifier20,22 with a me-
niscus is shown in Fig. 5. It can be used to decrease
depolarization of a linearly polarized beam. The rectifi
consists of a glass or air meniscus with zero optical po
and a half-wave plate. The meniscus creates the same
tribution of the polarization rotation angle and ellipticity a
the compensated optical element. The principal axis of
half-wave plate is parallel to the polarizer P. The half-wa
plate flips the rotated polarization with respect to the pla
principal axis and then the condenser or the objective
both compensate this rotation. Thus, in the exit pupil,
beam has the correct linear polarization distribution a
will be extinct by the analyzer A. In the optical schema
of Fig. 5, the different distributions of beam polarizatio
between elements of the microscope are illustrated.
differential transmission of lenses rotates the polarizat
plane of rays in the direction of the plane of incidence~the
radial direction!, as shown in the diagrams. The rotation
zero if the electric vector is parallel or perpendicular to t
plane of incidence and maximum foru'45 deg.

The first scheme of meniscus rectifier is described by
matrix equation

E85Mmicr"Ml/2~0 deg!"Mrect"E, ~31!
-

l

-
-

-

whereE8 andE5(0
1) are the field vectors of the output an

input beams,Mmicr is the Jones matrix of the microscop
optical system,Ml/2(0 deg) is the matrix of the half-wave
plate with an azimuth of 0 deg andMrect is the matrix of the
meniscus rectifier. Taking into account that the matrices
the optical system and rectifier are the same@see Eq.~1!#
and Ml/2(0 deg)5(0

1
21
0 ) we obtain

E85
1

4
Ts

2

3F ~meiD11!212~m2ei2D21! cos 2u1~meiD21!2 cos 4u

~meiD21!2 sin 4u
G .

~32!

So this rectifier does not remove the orthogonal compon
completely. The extinction ratioh of a ray is

h'
1

@ tan2 j1sin2~D/2!#2 sin2 4u
. ~33!

If tanj5sin(D/2)50.05, then the extinction ratio is im
proved 100 times compared to the case without the rect
@see Eq.~5!#. Figure 6 shows pupil images recorded with
microscope equipped with such meniscus rectifiers.

Fig. 6 Images of the back aperture of a pair 1.25-NA oil immersion
objectives Spencer 973 (American Optical Corporation) with single-
layer MgF2 antireflection coatings between crossed polarizers (a)
without rectifiers and (b) equipped with meniscus rectifiers. Expo-
sure time in the second case is increased 10 times.
949Optical Engineering, Vol. 41 No. 5, May 2002
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Fig. 7 Optical system with universal meniscus rectifier.
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For circularly polarized light, the first rectifier schem
was improved by the addition of a second half-wave pl
that is turned by 45 deg with respect to the first half-wa
plate.23 This combination of half-wave plates can be r
placed by a 90-deg polarization rotator made from an o
cally active crystal, which is cut perpendicular to its op
axis. For example, az-cut quartz plate with thickness 3.
mm can be used as a 90-deg rotator forl5546 nm. In
addition, optical coatings that are applied to the menis
and introduce the same radial retardance as the micros
optical system can compensate the influence of the mi
scope radial retardance. We call the meniscus with a 90-
rotator a universal meniscus rectifier~see Fig. 7!. Shortly
we show that the universal meniscus rectifier enables
tification of a beam with any initial polarization state. Fi
ure 7 shows the different distributions of beam polariz
tions for a linearly and circularly polarized beam. In th
latter case using a circularly polarized beam, the differen
transmission of lenses squeezes the polarization ellips
rays in the tangential direction, as shown in the diagram

The universal meniscus rectifier is described by the
lowing matrix equation:

E85Mmicr"Mrot~90 deg!"Mrect"E, ~34!

whereE8 andE are the field vectors of the output and inp
rays, Mmicr is the Jones matrix of the microscope optic
system,Mrot(90 deg) is the matrix of the 90-deg rotato
and Mrect is the matrix of the meniscus rectifier. Here th
matrices of the optical system and rectifier are equal
include the differential transmittance and radial retarda
terms@see Eq.~1!# and Mrot(90 deg)5(21

0
0
1). After form-

ing the matrix product of the matrices, we find the Jon
matrix of the microscope with rectifier:
neering, Vol. 41 No. 5, May 2002
e
-
g

-

f

Mmicr"Mrot~90 deg!"Mrect

5TpTs exp@ i ~Dp1Ds!#S 0 1

21 0D . ~35!

As follows from the obtained matrix, the microscope w
preserve the polarization structure of the entrance pu
This enables us to completely remove the depolariza
caused by differential transmission and radial retardance
any initial polarization state. The electric field vectors
the output rays will be turned by 90 deg compared to
initial polarization.

An alternative design for a rectifier uses sectored liq
crystal compensators for correcting a beam with arbitr
polarization distribution~see Fig. 8!. It consists of two sec-
tored liquid crystal cells LCA and LCB. Both cells are d
vided into one central circular sector and eight side sec
as shown in the lower diagrams of Fig. 8. The slow axes
the sectors in a cell have the same orientation. The s
axis of the first cell LCA is turned by 45 deg with respect
the polarizer P.

The second cell LCB has the slow axis oriented para
to the polarizer P. The retardance magnitude of each se
can be set independently of all the other sectors. Hen
each sector in the polarizer-LCA-LCB assembly functio
as an universal compensator, as described earlier by Ol
bourg and Mei.17 Diagrams under the optical schematic
Fig. 8 illustrate the polarization states of an initially linear
and circularly polarized beam when the radial different
transmittance is the dominant source of depolarizati
When the optical system has additional radial retardan
the sectored compensator can also improve the extinct
but the detailed description of its effect becomes more co
plicated.

In the case of linear polarization, the compensator wo
in the following manner. The linearly polarized bea
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Fig. 8 Optical system with liquid crystal sectored rectifier.
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passes through the first cell LCA and then the second
LCB. The retardance values of the central sector and
horizontal and vertical side sectors are adjusted so as to
change the polarization state of the beam. These sec
have zero retardance for cell LCA and any retardance
cell LCB. The diagonal sectors rotate the beam polariza
as it is shown in the diagram~middle row, Fig. 8!. The
magnitude of this rotation is chosen so as to obtain ma
mal extinction for each diagonal sector and is about 0j.
Herej is the amount of rotation of the polarization plane
the marginal ray at the edge of the aperture and an azim
of 45 deg. Thus retardance values of the diagonal sec
are 61.8j for cell LCA and 90 deg for cell LCB. As one
can see, for linearly polarized light, the second cell can
replaced by a quarter-wave plate.

For rectification of circularly polarized light, it is neces
sary to have a circularly polarized beam after the cen
sectors and elliptically polarized side beams~bottom dia-
gram, Fig. 8!. The axes ratio of the polarization ellipses
tan@45 deg2(j/2)#. This ratio is used to maximize the ex
tinction for each side sector. In cell LCA the central a
diagonal sectors have 90-deg retardance, the horizontal
tors have 90 deg2j retardance and the vertical secto
have 90 deg1j retardance. The central sector and horizo
tal and vertical side sectors of cell LCB do not change
polarization state of the beam and have zero retarda
The diagonal sectors of cell LCB have retardance 90
6j. Hence, the vibration ellipses of side beams have
small axis in the radial direction. The radial differenti
transmittance of the optical system squeezes the ellipse
the tangential direction and almost circularly polarized s
beams fall on the circular polarizer that consists of
quarter-wave platel/4~245 deg! and a linear polarizer
A~90 deg!. Figure 9 shows images of the sectored liqu
crystal rectifier built into the front focal plane of the co
denser lens of a microscope.
l

t
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n

6 Experimental Results

Using techniques described in Sec. 5 we measured the
tribution of differential transmission and phase shift in se
eral microscope objective and condenser lenses. Our
perimental setup was based on a Nikon Microphot
microscope equipped with a Brace-Ko¨hler compensator
with 23-deg retardance at a wavelength of 546 nm an
bandpass filter~made by Chroma Technology Corp. i
Brattleboro, Vt.! with a central wavelength of 546 nm an
12-nm FWHM. For image capture, a Dage-MTI C30
video camera was used. We measured aberrations in
lens combination of an oil immersion objective CFN DI
Plan Apochromat 603/1.4 NA ~Nikon, part 85033! and Ni-
kon Achromat-Aplanat condenser lens with an aperture
1.4, and the combination of a dry objective CFN DIC Pl
Achromat 403/0.7 NA ~Nikon, part 85031! and the same

Fig. 9 Images of the liquid crystal sectored rectifier that is placed in
the front focal plane of the 0.9-NA condenser lens in a Zeiss micro-
scope Axiovert 200M equipped with a dry antireflective coated ob-
jective Plan-NEOFLUAR 403/0, 85Po1 and left circular analyzer:
(a) sectors that are part of one cell have same retardance values
and (b) each sector has individually adjusted retardance values for
maximum extinction.
951Optical Engineering, Vol. 41 No. 5, May 2002
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Table 1 Calculated (hcalc) and measured (hexp) extinction, maximum turn angle (jmax), and retar-
dance (Dmax) measured in the pupil plane of microscope lenses made by American Optical Corpora-
tion (United States) and Nikon (Japan). NA is the numerical aperture of the objective and condenser
lenses. The ratio hexp /hcalc is also given.

Objective NA jmax (deg) Dmax (deg) hcalc hexp hexp /hcalc

AO Spencer 973,
SFC

1.25 (oil) 5.5 2.0 600 600 1.0

AO Spencer 973,
SFR (with rectifier)

1.25 (oil) 0.5 2.5 8800 5100 0.58

Nikon Plane 403 0.7 8.0 2.5 670 600 0.90

Nikon PlanApo 603 1.40 (oil) 5.5 6.0 450 430 0.96
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condenser used without oil immersion. Both objectives a
condenser were designated for differential interference c
trast ~DIC! microscopy and are of good polarization qua
ity. The Nikon objectives and condenser have multilay
antireflection coatings. In both cases, a test sample w
diatoms~made by Carolina Optical Supply Co.! was placed
between objective and condenser lenses. Also we stu
two pairs of oil immersion, strain-free objectives, Spen
973 with NA51.25 ~made by Optical Corporation o
America around 1957!. One objective pair included menis
cus rectifiers for linearly polarized light. The Spencer o
jectives are coated by a single-layer antireflection coa
of MgF2 . These objectives were first analyzed by Ino´
and Hyde20 in 1957, who first indicated that antireflectio
coatings and immersion liquids can reduce polarization
errations in microscopes. Thus, it is possible to comp
our results with those obtained over 40 years ago. For
age processing and data analysis, we used NIH Image~pub-
lic domain software, available at http://rsb.info.nih.gov/n
image/! and Mathematica~Wolfram Research, Champaign
Illinois!.

For each combination of objective and condenser len
we measured in the exit pupil the intensity along a li
through the pupil center and oriented at 45 deg~see Fig. 4!.
Several such intensity profiles that were measured for
ferent polarizer and compensator settings were combine
yield the turn anglej~r!, which describes differential trans
mission, and retardanceD~r!, which describes differentia
phase shift, each as a function of radial position in
pupil. Based on the pupil function measurements we ca
lated a theoretically predicted extinction factor in the ima
plane, using Eq.~10!. Note that the formulas were obtaine
assuming a uniform intensity distribution in the pupil plan
But the formulas can easily be corrected for other kinds
radially symmetric intensity distributions, according to E
~3!, for instance, a Gaussian distribution.

As mentioned in Sec. 2, there are other sources of de
larization in optical system. Therefore, we determined
extinction factor experimentally by measuring intensities
light in the image plane with parallel and crossed polari
and analyzer. The ratio between the theoretically calcula
extinction factor and the experimental one shows the c
tribution of radially symmetric polarization aberration
total extinction. A more detailed description of the calcu
tion procedure and additional experimental results will
published elsewhere.
neering, Vol. 41 No. 5, May 2002
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Table 1 shows results for microscope lenses made
American Optical Corporation~United States! and Nikon
~Japan!. It can be seen that high-NA microscope objectiv
with antireflection coatings have large values of different
transmission and phase shift. The radially symmetric po
ization aberrations contribute the dominant part in the to
extinction in systems without polarization rectification. Di
ferential transmission is significantly more for a dry syste
than for an immersion system. The meniscus rectifier
duced the radial differential transmission of the optical s
tem but not its retardance, possibly because the meni
has no dielectric coating applied. To decrease the ra
retardance it is necessary to cover the meniscus by an
tireflection coating with the same retardance as the co
pensated objective. The rectifier enables us to improve
extinction factor by about a factor of 10. Early measu
ments by Inoue´ and Hyde20 using the same objective lense
and a restricted field size showed that the rectifier impro
the extinction by a factor of more than 20~extinction
13,000 compared to 600!. The reduced extinction measure
now might be caused by additional defects in the object
that have since then developed.

Our findings indicate that the measured value of exti
tion in the image plane does not depend on the dista
from the measured point to the optical axes of the mic
scope. In other words, the measured extinction is unifo
over the field of view. This observation confirms that t
theory that is strictly correct for a point on the optical ax
also applies to the available image plane.

Examples of the measured turn anglej and retardanceD
distribution as functions of the normalized pupil coordina
r are shown in Fig. 10. Here measurement results for
pairs of oil immersion, strain-free objectives Spencer 973
with NA51.25 are presented. Both objectives are coa
by a single-layer MgF2 antireflection coating. As we can
see, both turn angle and retardance dependence have a
radial symmetry and rise from a 0 value in the center of
pupil to a maximum measured at the pupil edge. We
served with all objectives that the radial symmetry of t
turn angle distribution is more pronounced than the rad
symmetry of the retardance distribution. This difference
probably due to a higher susceptibility of the retardan
field to inner stress in lenses and other depolarization
tors. Furthermore, the radial retardance distribution of
oil immersion objective Nikon PlanApo-603 shows a
change of the retardance sign with radial coordinate. T
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retardance is 0 for the axial point and for points that cor
spond to rays with NAs of about 0.7. It seems possible t
in the case of complex multilayer antireflection coating
the retardance sign of optical surface membersdk in the
summary retardanceD @see Eqs.~2!# can be positive or
negative dependent on the angle of incidence of rays
pass through the dielectric layers. Hence, the summary
tardance can be compensated at some radii. Perhap
membersĵk in summary turn anglej have only one sign
becauseTp.Ts and cannot compensate each other.

7 Conclusions

The radially symmetric polarization aberration introduc
by lenses and plane parallel plates reduces the extinc
and can lead to anomalous diffraction and modifies
point spread function. The extinction factor for system
with crossed linear polarizers is twice as great as that
crossed circular polarizers under otherwise the same co
tions.

The extinction as a function of the NA for uncoate
lenses and for plane parallel plates was calculated. M
over, the connection between the shape factor of a lens
the extinction was determined. It was shown that a pl
made from higher refractive glass introduces more depo
ization than if it is made from lower refractive glass. Th
maximal extinction value of an uncoated lens with optim

Fig. 10 Turn angle j (a) and retardance D (b) as a function of nor-
malized pupil coordinate r of a pair of 1.25-NA oil immersion objec-
tives Spencer 973 (American Optical Corporation) with single-layer
MgF2 antireflection coatings without rectifiers.
t
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shape, however, does not depend on the refractive in
Lenses that possess shape factors between 0.5 and 1.0
maximal extinction. Menisci produce strong depolarizatio

Techniques for measuring differential transmission a
radial retardance using a rotatable analyzer or compens
were described. The results of the measurement can be
to choose the optimal design of polarization rectifiers.

The function of polarization rectifiers with a meniscu
and a sectored liquid crystal compensator were analyz
The meniscus rectifier consists of a glass or air menis
with zero-order optical power and a half-wave plate a
was employed to decrease the depolarization of a line
polarized beam as well as attendant anomalous diffract

The introduction of a 90-deg rotator instead of the ha
wave plate made it possible to remove polarization abe
tions for any initial polarization state. Furthermore, a se
tored liquid crystal compensator can create a correc
beam with arbitrary polarization aberration.

Finally, experimental results on polarization aberratio
measured in a rectified and a nonrectified microscope
tem were presented. Good agreement between experim
and theory was found.

Acknowledgment

This research was funded by the National Institutes
Health Grant No. GM49210 awarded to R.O.

References
1. F. E. Wright, The Methods of Petrographic-Microscopic Researc

Their Relative Accuracy and Range of Application, Carnegie Institu-
tion of Washington, Washington, DC~1911!.

2. S. Inoue´ and R. Oldenbourg, ‘‘Microscopes,’’ Chap. 17 inHandbook
of Optics, Vol. II, 2nd ed., M. Bass. Ed., pp. 17.1–17.52, McGraw
Hill, New York ~1995!.

3. S. Inoue´ and K. Spring,Video Microscopy: The Fundamentals, 2nd
ed., pp. 76–86, Plenum Press, New York~1997!.

4. R. A. Chipman and L. J. Chipman, ‘‘Polarization aberration d
grams,’’Opt. Eng.28~2!, 100–106~1989!.

5. R. A. Chipman, ‘‘Polarimetry,’’ Chap. 22 inHandbook of Optics, Vol.
II, 2nd ed., M. Bass, Ed., pp. 22.1–22.37, McGraw-Hill, New Yo
~1995!.

6. S. Inoue´ and H. Kubota, ‘‘Diffraction anomaly in polarizing micro-
scopes,’’Nature (London)182, 1725–1726~1958!.

7. H. Kubota and S. Inoue´, ‘‘Diffraction images in the polarizing micro-
scope,’’J. Opt. Soc. Am.49, 191–198~1959!.

8. J. P. McGuire and R. A. Chipman, ‘‘Diffraction image formation
optical systems with polarization aberration. I: Formulation and
ample,’’ J. Opt. Soc. Am. A7~9!, 1614–1626~1990!.

9. J. P. McGuire and R. A. Chipman, ‘‘Polarization aberration. 1. Ro
tionally symmetric optical systems,’’Appl. Opt.33~22!, 5080–5100
~1994!.

10. J. B. Uri, ‘‘Polarizations and interference in optics V. Lenses, imag
properties of lenses,’’Optik (Stuttgart)49, 375–378~1978!.

11. P. I. Lamekin and K. G. Predko, ‘‘Change of the polarization struct
of axial polarized light beams by lens systems,’’Opt. Spectrosc.60,
137–142~1986!.

12. Y. M. Klimkov, M. I. Shribak, ‘‘Influence of lens shape on polariza
tion modification of axial beam,’’Izv. Vyssh. Uchebn. Zaved. USS
Geodez. Aerophot.5, 128–139~1990!.

13. T. Wilson and R. Juskaitis, ‘‘On the extinction coefficient in confoc
polarization microscopy,’’J. Microsc.179~3!, 238–240~1995!.

14. M. Born and E. Wolf,Principles of Optics, 6th ed., pp. 38–47, Per
gamon Press, Oxford~1987!.

15. F. E. Wright, ‘‘The formation of interference figures a study of t
phenomena exhibited by transparent inactive crystal plates in cohe
polarized light,’’J. Opt. Soc. Am.7, 778–817~1923!.

16. J. L. Pezzanitti and R. A. Chipman, ‘‘Mueller matrix imaging pola
imetry,’’ Opt. Eng.34~6!, 1558–1568~1995!.

17. R. Oldenbourg and G. Mei, ‘‘New polarized light microscope wi
precision universal compensator,’’J. Microsc. 180~2!, 140–147
~1995!.

18. Y. Otani, T. Shimada, T. Yoshizawa, and N. Umeda, ‘‘Tw
dimensional birefringence measurement using the phase shifting t
nique,’’ Opt. Eng.33~5!, 1604–1609~1994!.

19. Y. Otani, T. Shimada, and T. Yoshizawa, ‘‘The local-sampling ph
953Optical Engineering, Vol. 41 No. 5, May 2002



ure-

i-
eso-

ter

t

nt
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