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In light microscopy, spatial resolution is limited by diffraction effect. Confocal microseopy has
improved resolutions in both lateral and axial directions, but these are still limited by diffraction
effect. Confoeal self-interference microscopy (CSIM) uses interference between two perpendicularly
polarized beams to enhanece lateral resolution. In previous research, we proposed a caleite plate

with its optic-axis perpendicular to the propagation angle and one of the boundary surfaces of the
plate, This type of plate 15 not widely used to our knowledge, Tn this paper, we change the ealeite

plate to more comumon one, which is commercially available, This ealeite plate has its optic axis

in the plane of incidence. We analyvze the
compare the performances of CSIM in prev

characteristics of this caleite plate and numerically
ions research and CSIM with the commercial ealeite

plate. Numerical results show improved performance when using the commercial calcite plate

OCIS codes :

I. INTRODUCTION

Light microscopy has been an essential tool in many
fields of science and engineering. Since confocal micros-
copy, which is also light microscopy, has optical sect-
ioning ability and improved lateral resolution, it has
been widely used in biological, medical and material-
related researches [1]. However, as does other light mic-
roscopy, confocal microscopy has limited fields of appl-
ication, due to its diffraction-limited resolution,

There have been several studies on improving resol-
ution in confocal microscopy. Frequeney-domain confine-
ment was used to narrow the central lobe of the point-
spread function (PSE) [2]. Pupil plane filters were desi-
gned to achieve superresolution in the lateral direction
[3-5]. 4pi optics was used to improve both the axial and
the lateral resolution [6]. Although these studies
showed a great improvement of the lateral resolution,
resulting imaging svstems were often complicated and
heights of sidelobes were sometimes increased.

In previous research, we proposed confocal self-inter-
ference microscopy (CSIM) [7]. CSIA uses birefringence
material to separate two perpendicularly polarized bea-
ms and to make phase difference between these two
beams. Since the phase difference changes as the incide-
nee angle onto the calcite plate changes, CSIM can
generate the interference pattern in the lateral coord-
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inate of the specimen. In previous research, we proposed
to use calcite plate with its optic axis perpendicular to
the direction of propagation and one of the boundary
surfaces of the plate (Tvpe A calcite plate). To our
knowledge, this tvpe of calcite plate is not widely used,
Instead, calcite plate with its optic axis in the plane
of incidence and having non-zero angle with respect to
the boundary surface (Tvpe B calcite plate) is comn-
only used. This tyvpe of the calcite plate is widely used
for beam displacing.

In this paper, we propose CSIAM with Type B caleite
plate. We analyze the characteristic of this type of
caleite plate, and numerically compare the performances
of CSIAM with Type A and Type B calcite plates.

II. PRINCIPLE OF CSIM

The schematic diagram of CSIA is shown in Fig. 1.
A light beam from a He-Cd laser enters spatial filtering
and beam expanding optics, which is composed of an
objective lens-quality lens, a pinhole and an achromat
lens. The light beam has wavelength of 442nm and is
vertically polarized. The wavelength of the laser is
chosen relatively short to further enhance the lateral
resolution. It is chosen longer than near-violet wave-
length to achieve fair gualities of optical components,
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FIG. 1. Schematic diagram of CSIM.

since optical performance in near violet wavelength is
poorer than that in longer wavelength,

Sinee the light beam is vertically polarized, the beam
is reflected to the left by the polarized beam splitter
(PBS). The beam is focused onto the specimen by the
ohjective lens and the reflected beam from specimen is
collected by the same objective lens. The reflected and
re-collimated beam passes through the PBS, since it
passed the quarter wave plate (QWP) twice and is
horizontally polarized. The beam enters the telescope
optics, the first polarizer, the caleite plate, the second
polarizer, and collecting lens. The collecting lens focuses
the beam on the pinhole aperture and the beam passing
through the aperture is detected by the photon detector.

The calcite plate has different refractive indices along
two perpendicular polarization directions. Thus, the pro-
pagation angle in the ecaleite plate differs as the polari-
zation state of the entering beams differs, and this differ-
ence of the angles makes phase difference between two
beams. This phase difference changes as the angle of
incidence onto the caleite plate changes. The off-axial
point in the specimen coherently scatters the focused
beam, and this coherently scattered beam propagates
with non-zero angle with respect to the optical axis. As
the coherently seattering point changes in the specimen
plane, the angle of propagation changes, and thus the
phase difference induced by the calcite plate. This cha-
nge of phase difference produces interference pattern
along one direction in specimen coordinate. The teles-
cope optic is used to magnify the incidence angle onto
the calcite plate. Two polarizers are aligned crossed to
each other and 45° with respect to the characteristic
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polarization axis of the calcite plate to achieve the best
visibility [8].

ITI. ANALYSIS

The difference between the caleite plate in previous
research and that in this paper is illusirated in Fig.2.
The main difference between these two calcite plates
is direction of optic-axis, In Fig. 2 (a), the optic axis
is perpendicular to the propagation direction and the
boundary surface. Since the propagation vector of the
e-ray is alwayvs perpendicular to the optic axis, the
refractive index of the e-ray doesn't change. However,
in Fig. 2 (b), the angle between the propagation vector
of the e-rav and optic axis changes, as the incidence
angle changes. This results in variation of refractive
index of the e-ray according to the change of the incid-
ence angle. The variation of the refractive index of the
e-ray is an important factor of making different perform-
ance. For type B calcite plate, the optic axis angle oy
is an important to determine the svstem performance,
This optic axis angle is found to be 45° for type B caleite
plate.

In CSIM, the most important factor of the perform-
ance is the sensitivity of the optical path difference
(OPD) between the two perpendicularly polarized beams
relative to the change of the incidence angle. The change
of the OPD relative to the change of the incidence angle
is plotted in Fig. 3. In this figure, the dotted and solid
lines represent the OPD' s of Type A and Type B calcite
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FIG. 2. Difference between two caleite plates.
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FIG, 3. OPD as a function of incidence angle (dotted

line : Tvpe A caleite plate, solid line ; Tyvpe B caleite plate).

plates respectively. As can be shown from this figure,
the slope of the curve for Tvpe B calcite plate, which
is the sensitivity of the OPD, is steeper than that for
Tvpe A calcite plate.

The sensitivity of the OPD is plotted in Fig. 4. As
can be shown from this figure, the sensitivity for Type
B calcite plate is larger than that for Tvpe A calcite
plate for the small value of the incidence angle The
maximum value of sensitivity for Type A calcite plate
is lower than that for Tvpe B calcite plate.

The increased sensitivity for Type B calcite plate is
explained as follows, The exact expression of the OPD
has been derived in previous publication, 7] but it can
be simplified as follows:
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FIG. 4. Sensitivity of OPD as a function of incidence

angle (dotted line : Tyvpe A caleite plate, solid line : Type
B caleite plate).
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AS =n,f,(0)+ f,(0)—n,(0)f,0). (1)

where, n, is the refractive index for the o-ray, ¢ is
incidence angle, f, fo and fy are positive valued geome
trical functions of #, and n, is the refractive index for
the eray. Except for n, functions for Tvpe A and Type
B caleite plates have similar values and trends to each
other. For Tvpe A caleite plate, n, is a constant value
regardless of @, but for Tvpe B calcite, n, is a function
of #. As can be shown from Fig. 5, n, decreases as the
incidence angle increases, Thus the OPD grows faster
at small values of the incidence angle for Type B calcite
plate than for Tvpe A calcite plate.

The increased sensitivity shows lots of possible impro-
vements when using Tvpe B ealcite plate. First, light
efficiency can be improved. Since the large sensitivity
can be achieved under normal incidence condition, reflec-
tion coefficients for both e- and o- rays are very low,
Using Fresnel's law of reflection, we could achieve
almost 9% light efficiency after two interfaces. Fig. 6
shows the visibility of the interference pattern when
using Tyvpe B caleite plate. As can be shown from this
figure, visibility of almost 1 can be easily achieved under
normal incidence condition.

Second, the tight requirement for alignment can be
loosened, In case of Type B calcite plate, the sensitivity
is large over a range from (F to 30°, When using Type
A calcite plate as in previous research, the alignment
is very mportant factor, since the sensitivity drops
more quickly as the nominal angle departs from the
optimal value around 55.58°

IV. NUMERICAL EXPERIMENTS

The interference pattern induced by the change of
incidence angle is shown in Fig. 7. For Type B calcite
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FIG. 5 Change of refractive index for e-ray as a
function of incidence angle.
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FIG. 6. Visibility of the interference pattern as a function
of incidence angle.
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FIG. 7. Self-interference pattern (dotted line : Type A
caleite plate, solid line : Tyvpe B caleite plate).

plate, the period of the interference pattern is very short,
but for Type A caleite plate, one full pattern of the
interference can hardly be seen. This shows that with
Type B calcite plate central lobe of the PSF can be
more sharpened than with Type A caleite plate.
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V. CONCLUSIONS

In this paper, we have proposed CSIM with commer-
cially available caleite plate, which has its optic axis
in the plane of incidence. We analvzed the characteri-
stics of Type B caleite plate and compared the perform-
ances of two different type of caleite plates. With Tvpe
B calcite plate, very high sensitivity can be achieved
under normal incidence condition, which improves the
light efficiency.

However, in Tvpe B calcite plate, the wavefront of
the e-ray is not sphere, which causes lateral displace-
ment of the e-ray at the exit surface of Type B caleite
plate. This could invoke the unwanted interference
pattern on the detector plane, To reject possible detector
plane interference, a circular aperture, which only passes
the overlapped area of two beams, can be used,
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