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In this paper, Fizeau interferometry is introduced in conjuntion with confocal laser scan-
ning microscope as a new interferential method. In this preliminary investigation interfer-
ence fringes formation was studied. A theoretical model of the method is presented and a
comparative analysis with the experimental and theoretical results was performed.

I Introduction

The Confocal Laser Scanning Microscopy (CLSM) is
a powerful imaging technique capable of obtaining 3D
images from various objects through a high-resolution
optical tomography procedure. However, the possibil-
ity of introducing interferometric observations remark-
ably enhances the optical tomography capabilities of
the CLSM.

In fact, the interferometric observation allows mea-
surement of the optical signals phase and amplitude
increasing the ability of the CLSM to determine the
objects surface profile variations or phase shifts caused
by translucent or transparent objects.

Other combinations of CLSM and interferometric
techniques have been reported in the literature. These
include the use of both Michelson and Mach-Zehnder
interferometers together with CLSM [1, 2, 3]. In ad-
dition, fiber optic illumination devices have been also
introduced [4].

In this paper, the introduction of the Fizeau inter-
ferometric technique to the CLSM is described. This
method is very simple and assures the observation of
very high contrast interference fringes. To obtain these

fringes, it is necessary to put a coverglass at the top of

the sample holder slide forming a small angle with it
as 1llustrated in Fig.1. In this way, the Fizeau fringes
resulting from the reflection on the slide first surface
overlap with the ones formed among the object, slide
and coverglass surface.

With this method, surfaces topography can be an-
alyzed. The Fizeau fringes technique allows the ob-
servation of surface fringes, which characterize its to-
pography, particularly in case of liquids and solids that

strongly absorb at the observation wavelength.

IT Theory

In this section the interference pattern formed between
two reflected wavefronts on the mirror M and cover-
glass SM, according to the Fizeau interferometer ar-
rangement, will be studied. In Fig.1 the interferometric
system is shown. The coverglass refractive index and
thickness are known. In this case the sample object is
the mirror M itself.

In this study, the axial response profile V(z) will
be considered. The axial complex amplitude distribu-
tion V(z) can be written, for a free aberration aplanatic

system, which obeys the sine condition, as [5]:
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V(z) = exp (%cotz %) [Smi;;/ 2)

| jan(a/2) <sm(u/2)  cos(u /2))] (1)

u/2 u/2

where sina is the objetive numerical aperture and « 1s the adimensional axial coordinate defined as u = 4kzsin2(a/2),

and k = 27/X. In practice, the photodetectors only allow measuring the axial response irradiance given by |V(z)

.

If the V(z) distribution evaluated on SM is denoted by Vsar and on M by Vyy, it is possible to write the irradiance

distribution as:

I =|rsmVsar + rarVarl?, (2)

where 737 is the Fresnel’s reflection coefficient of the plane mirror M and rgps of the coverglass SM. Both coefficients

can be written as [6]:

TSM,M =

where:

—nsycosly + nycosbs

Ty =
I nacosfy + nycoshy

A convenient form to write the reflected fields is:

VSM = |V5M|6MSM, VM = |VM|6MM. (5)

Then, rewriting expression (2) as:

I=1Isp+ I+ Jsmm, (6)

and taking into account that the reflected fields have
the same polarization state, 1t is possible to write the

term in (6) as follows:

2 2

Isy = |TSM‘2/SM|', In = |TM‘2/M| , (7
TSMTM . .

Jsmm = (Venr Vi + Vi Vir ). (8)

2

Introducing (5) into (8), Jsar,ar results:

JSM’MITSMTM|VSM||VM|COS(S, (9)

where & = |éspr — Sp| = npBz(4nr/Ao) according to
the Fizeau interferometer description [7], where § is
the wedge angle, n; is de surrounding refractive index
and z is the field interferential coordinate transverse
to the fringes. Here it is assumed that r3y = 1 and
rsym = (nf — 1)/(ng + 1), for simplicity.

In a confocal microscope, an image 1s created at a

given axial z position by scanning in the z — y plane.

(r)+71)

=, (3)

6 — 6
r o= 711 COSU N9 COSU9 (4)

nycosfy + nocoshy

In the geometry given in Fig.1, the electric field ampli-
tude on the SM is an & dependent function, while the

electric field on the plane mirror M is constant.

v

Figure 1. This figure shows the experimental setup where O
is a 10X magnification objetive with 0.3 NA, LB the laser
beam, M the mirror, SM the coverglass and |V () the
square modulus of the axial response profile having a width
FWMH. The scanning region SR is centered at ¢ = =z,
where h is the vertical local height between M and SM for
an angle .

After introducing equations (9) and (?7) into (6)
and knowing that Ag = 568 nm, ny = 1 and n = 1.51,
it 1s possible to calculate the intensity distribution pro-

file for two cases: (a) 8 = 14.4897 £ 0.0001 mrad, (b)
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G = 38.904 & 0.002 mrad. Both computed simulations

are show in Fig.2.
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Figure 2. Interferometric pattern profile obtained by com-
puting simulation for tow cases: a) # = 14.4897 + 0.0001
mrad and b) g = 38.904 £ 0.002 mrad.

As it is well known the width of the axial irradi-
ance distribution |V (z)]? depends from A, the numerical
aperture (N A) of the microscope objetive and the diam-
eter of the pinhole placed in front of the photodetector
(D)[8]. Then, if for a given N A objetive the FWM H
varies with D, the expressions of Isar, Iy and Jsarm
will notably change according with the vertical local
height i mesured between the mirror M and the cov-
erglass SM | or, in another words, they will change as a
function of the scanning position & through the wedge
experimental angle 5. One aspect of this fact was anal-
1zed previously in this section. It is that related with
the generation of the interferential fringes themselves.

Formally speeking, densitometric traces allows to
compute the visibility of Fizeau interferential fringes
point to point. According with the Michelson defini-
tion of the visibility V, the best observation of fringes

will be performed when the maximun and minimun val-
ues of the irradiance I at equation (6) reach Insqp = 410
for § = 2mm and Iy, = 0 6 = (2m + 1)w, assuming
that Iy = Ispr = 1.

But a new aspect arises when interferential fringes
must be observed at the highest sectioning capacity of
the CLSM. The main function of the pinhole placed in
front of the photodetector is to contribute to the sec-
tioning of the object response along the z-axis. Then,
highest sectioning capacity in Fizeau interferometry us-
ing CLSM could avoid the observation of fringes. In
fact, if the FWMH of the |V (z)|? is smaller than the
vertical local height h between the mirror M and the
coverglass SM at a certain position = x;, means that
Vsmr can reachs a significant value when the coverglass
SM 1s at focus, while Vjs is neglegible or small on the
mirror M. In this case, the equation (6) is equal to the

expresion of Igps:

I=1Isy+ Iy + Jsym = sy, (10)

which 1s the image of the coverglass at the position
x = x1. In the opposite case, when the mirror M is at

focus, equation (6) results in:

I=1Isy+ Iy + Jspm = Iy, (11)

which is the image of the mirror M. In both cases the
interferential term Jsar ar = 0, and the fringes visi-
bility V(z1) = 0. So, the visibility V(z) depends from
the numerical aperture N A of the microscope objective,
the pinhole diameter D and the angle § formed by the
mirror M and the coverglass SM. By introducing the
value of Jsnr ar given by equation (9) in the expression
(6) it is possible to derive a visibility equation accord-
ing to the Michelson definition. Equation (12) gives the
mathematical support to the visibility dependence on

the lateral  coordinate:

Jsnrpr(x)/cosé
Vi) = ——————— 12
and Fig.3 represents it in a normalized fashion for a

typical axial z position.

IIT Experimental results

By using the experimental setup showed in Fig.1, two

interference patterns corresponding to the same cases
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simulated in Fig.2 were obtained. They are depicted V(z) distibution is equal to the vertical local height A
at Fig.4. It shows the picture of experimental results of the wedge at the central point z. of the scanning

and their densitometric profiles when the FWMH of the region.
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Figure 3. Simulated normalized visibility curve calculated with equation (12) corresponding to the experimental Fizeau
interference fringes showed at Figure 5 ¢).
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Figure 4. Interferometric patterns obtained with a confocal laser scanning microscope and their densitometric profiles. a)
= 14.4897 £ 0.0001 mrad and b) B = 38.904 £ 0.002 mrad.



130 Revista de Fisica Aplicada e Instrumentacao, Vol.12, no. 4, dezembro, 1997

i
1l
1l

d)

Figure 5. Fizeau interference fringes at four CLSM focus for the wedge angle § = 38.9 mrad. (For details see the text).

In a similar experiment to that described before
which was performed to get interferential fringes at dif-
ferent values of 3, interference was observed exclusively
varying the focus of the microscope keeping the other
instrumental variables fixed. Fig.h shows four pictures
of the Fizeau interferential fringes as a function of the
focus for the wedge angle 7 = 38.9 mrad. The micro-
scope was sequentially focused at four levels: a) near
the mirror M surface, b) and ¢) at two different steps
from the mirror M and d) near the SM coverglass.

The Fizeau interferential fringes in the picture a)
showed at Fig.h, closely corresponds to the visibility
calculated using equation (12) and depicted in Fig.3.

IV Conclusions

Excellent agreement was observed between experimen-

tal results and theoretical predictions. This indicates

that this new interferometric method shows promise
for increasing the axial resolution of the confocal mi-
croscope. The Fizeau interferometer is a very simple
device and it is possible to apply it to any confocal

microscope.

Because of its properties, this method is very conve-
nient to study the surface profiles of droplets and their
temporal evolution. Fig.6 shows four interferential im-
ages of the temporal evolution of an oil droplets spaced

40 minutes from one to the next.

Besides, in case that the sample under CLSM in-
spection strongly absorbs at the employed wavelength,
the Fizeau confocal laser scanning interference mi-
croscopy can be applied without disturbing its surface.
As an example of disturbed surface Fig.7 shows the ef-
fect of CLSM on photographic film, which was cratered

in the two points under CLSM observation.
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Figure 6. Time evolution of an oil droplets. a) Initial time t=0, b) t=40 minutes, ¢) t=80 minutes and d) t=120 minutes (2

hours).

Figure 7. Photographic film damage produced by CLSM
observation.
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