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ABSTRACT

In gereral, the microscope is a basic instrument of research, but it also
may extensively be used for modern education in physical optics,and especially
in Fourier transform optics. This can be shown in a quite new way using a pola-
rizing microscope and birefringent fibers,which can produce a large number of
known, less known and even unknown optical Fourier transforms.

1. INTRODUCTION

Althout the basic principles of image formation in the microscope within the
scope of diffraction theory with some inclination to Fourier optics were formu-
lated by E.Abbe in 1873 and then {1911 to 1920) refined mathematically by a Po-
lish physicist, M.Wolfke, the theory’s real potential was revealed some decades
later when the phase contrast was discovered by F.Zernike ( 1932 — 1935), and the
Fourier transform was evidently applied to optics by P.M.Duffieux (19463.

This paper was originally prepared as a long presentation with a variety of
problems and many illustrations. Its length must now be reduced to a minimum
to present a contribution of reasonable space. Consequently, the title of the
paper should read here as follows:

POLARIZED-LIGHT MICROSCOPE
and
BIREFRINGENT FIBERS

as
TEACHING TOOLS IN FOURIER TRANSFORM OPTICS

Both polymer textile fibers and optical fibers guiding polarized light are
taken into consideration. In fact, however, the former were already covered by
at least three publications( see Refs.1 to 4). On the other hand, birefringent
optical fibers( Bow-Tie, Panda )were only preliminary examined some time ago
( see Ref.2), and then the author of this contribution has offered this problem
to M.Bozyk affiliated with the Depariment of Physics,Technical University of
Biatystok,Poland. Her more systematic studies are carried out under a research
project sponsored by the Ministry of National Education, and quite recently she
prepared a preliminary scientific report on Fourier transforms of a variety of
birefringent optical fibers (see Ref.5).

EXPERIMENTAL APPARATUS

2,

A standard,but slightly modified,polarizing microscope can be used for pro-
ducing the optical Fourier transforms of birefringent fibers %Figure 1) . The mo-
dification consists in adding a slit subcondenser diaphragm D, linear continu-
ous interference filter IF and a double-refracting Wollaston prism W. The prism
W,however,is not necessary for observation of the optical Fourier transforms of

birefringent fibers F, but serves only for measuring light wavelengths i in
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real time. This is achieved via a calibration plot b()) ,where b is the period
of the fringe interference pattern produced by, the Wollaston prism in monochro-
matic light and observed in the image plane II of the microscope objective Ob.
Monochromatic light is extracted from a microscope halogen lamp(,not shown in
Fig.1) and varied by transverse translation of the interference filter IF. Mono-
chromatic light of variable wavelength A was used for measuring birefrinbence

B’::n,ll-n-L (1)
of hi§h1y birefringent fibers (e.g.,polymer'textile fibers; see Ref.t for de-
tails). Here nj; and nj are the refractive indices of the fiber for light com~
ponents vibrating parallel ( 11 ) and perpendicular (L )to the fiber axis.

As shown in Figure 1, the s%it diaph-
ragm D is located in the front focal
plane of the substage condenser C, thus
light incident on the birefringent fiber
F consists of parallel beams. Optical
Fourier transforms ( OFT) are observed,
via a microscope ocular Oc and Bertrand
lens BL, in the exit pupil or rear focal
plane E of the objective Ob. The lens BL
can be removed from the path of light,
and a normal microscopical image F of
the fiber F under study arises in the
image plane II” and is observed through
the. ocular Oc alone. If simultaneously
the Wollaston prism W is inserted into
the path of light, a fringe interference
pattern is also observed in the plane TII
The interfringe spacing b is measured by
means of the micrometric screw associated
with the transverse (p) movement of the
prism W.

The basic orientation of the polarizer

Fig.1. Schematic diagram of a polariz- P, analyzer A and slit S of the condenser
ing microscope system used for obser- diaphragm D, and of the fiber F under
vation and processing of the OFTs of study are shown in the left-hand and
birefringent fibers. right-hand sides of the diagram( Fig.1),

where SS denotes the direction of the
condenser slit S, PP and AA are the directions of light vibration( axes ) of the
polarizer P and analyzer A, respectively, and FF is the direction of the fiber
axis.

3, BIREFRINGENT FIBER AS A BIFOCAL CYLINDRICAL LENS

When surrounded by a medium of refractive index n”, a birefringent fiber
oriented diagonally between two crossed polars( P and A as shown in Fig.1) acts
as a specific bifocal cylindrical lens ( see Fig.Z) ,whose focal lines Lj| and
L1 contain light vibrations parallel;(ll} and perpendicular(.L) to the fiber
axis. The focal lengths f)| and f} ,i.e., the distances between the fiber cen-
ter and the focal lines, are defined by

SPIE Vol. 1603 Education in Optics (1991) / 567



Dy ng

f = 2r and f, = 2r , (2)
l' Py Py 'L I4 )
4(n;, - n )n 4n, -n’)n

where 2r is the fiber diameter,

Depending on the refractive index n°, the fiber diemeter 2r and the fiber
birefringence B, the focal lengths £}
P N and f; can be greatly varied, and thus
2: the fiber F manifests itself as a
1 single~ ,double- or multiple-slit
422 source of light. Moreover, the double-
slit can be vertical,due to the focal
lines Ljj and L) separated vertically
as shown in Fig.2, or horizontal. On the
other hand,three or even more slits line
sources of light occupy a horizontal
plane at right angles to the optic axis
of the microscope abjective . In parti-
cular, such a qualification applies to
polymer textile fibers made by spinning
and drawing.

o
J 4. OF? OF THE DIRAC DELTA FUNCTION
, This optical Fourier transform is ob-
' served when the fiber birefringence B is
very small. Consequently, the difference
df between the focal lengths f; and f))
(FngZ) ,ioe‘o )
Y Y df =1 - 1) (3 )
Fig.2, Birefringent fiber as a bi- is also very small and the two focal
focal cylindrical lens. lines Lj; and Lj are practically unre-

solvable and manifest themselves as a

single focal line equivalert to a slit in an opaque screen( see Fig.3a ) illumi-
nated by a parallel light beam. If the focal line is extremely narrow,it can be

_@®

Fig.3. Focal line (a), its OFT (b) , and conventional image (c) of a
weakly birefringent textile fiber surrounded by air medium. Objective
magnifying power/ numerical aperture: 40x/0.65.

e)
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treated as the one-dimensional Dirac delta function, whose Fourier transform is
equal to unity as shown in Fig.3b. This means that the wavefront is a plane sur-
face in the Fourier plane (rear focal plane ) of the objective ( Ob, FPig.1) and
has the same amplitude over the objective exit pupil E. Such a situation as
shown in Fig.3 is usually produced by undrawn cylindrical polymer textile fi-
bers, whose birefringence B is normally weak and therefore permits us to obtain
excellent. Dirac delta functions if the fiber is surrcunded by an air medium,
while the condenser slit ( S, Fig.T ) is sufficiently narrow and exactly para-
llel to the fiber axis FF.

5. OFT OF A GAUSS FUNCTION

If a birefringent fiber that produces the Dirac delta function in an air me-
dium (Fig.3a2), is then immersed in a liquid whose refractive index n’ is much
higher than unity,say,n” = 1.3 to 1.5, the fiber focal liné becomes wider
(Pig.4a )and manifests itself as a Gauss function. Censequently, its OFP is alsa

a) 5) c)

Fig.4. As in Pig.3,but here the fiber is surrounded by a 1li-
quid medium of refractive index n”® = 1.515

of the Gauss-function character ( Fig.4b) across the focal line. This OFT, how-
ever, is less interesting and less useful in practice than that shown in Fig.3b.

6. OFT OF THE VERTICAL DOUBLE-SLIT

A cylindrical fiber whose birefringence B is significant produces two focal
lines Lj; and Iy (see FPig.2) separated from each other by a distance dp 7 ) when
the fiber is surrounded by an air medium. Such a situation applies to most poly-
mer textile fibers after their drawing. Now, two focal lines act as two light
slits,one of which follows the other. These lines are mutually coherent across
their widths but they are incoherent along their lengths. Each pair of coherent
points Py¢ and Py ( Fig.2 ) produces spherical wavefronts J{ and S, whose radii
of curvature are slightly different at a given distance from the fiber. The two
wavefronts can interfere with each other and produce an interference pattern
with annular/circular ffinges, such as shown in Fig.5, observed in the Fourier
plane. Any other pair of coherent points along the focal lines Li: and Ly gives
rise to an individual interference pattern identical with that produced by light
wavefronts emerging from the points P;; and Pj. All individual interference pat-
terns are mutually incoherent, they occopy the same position in the Fourier plane
of the microscope objective and produce,by incoherent superposition,an intense
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