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SECTION 1 Introduction

The Nomarski differential interference contrast (DIC) microscope, the preferred optical system for
studying biological specimens, images variations in the phase of the light wave transmitted through the
observed specimen. Thus it can be used to image objects that are highly transparent in the visible spec-
tra and modulate predominantly the phase of the impinging light wave. Within the microscope, the
impinging light wave is split into two wavefronts by a birefringent prism. These wavefronts travel a
microscopic (differential) distance apart through the specimen and finally recombine causing an inter-
ference pattern to be detected. In the biological sciences, the DIC microscope is used to examine live
specimens that might be adversely affected by the dyes used in fluorescence imaging. In addition, DIC
microscopy has been shown to have higher resolution along the optical axis than regular phase-contrast
methods, and is therefore a preferred technique for optical sectioning through a specimen under study. 1
Optical sectioning is the term used for collecting a series of 2D images, each image is taken with a dif-
ferent part of the object brought into focus.

The goal of the current research is to model the image formation process in DIC microscopy. Previous
work dealing with DIC microscopy has formulated analytic models of the image formed by making
strong assumptions about the specimen and the microscope parameters. This project alms to use a
more general technique, specifically ray tracing, to model the intensity distribution at the image plane
of the microscope. By using a general object model, the ray-tracer model lifts the assumptions
imposed by earlier works. Simulated images are compared to real microscope data to assess the accu-
racy of the ray-tracing approach. The microscope model, and the simulated images, will be used in
future work to reconstruct the actual shape and optical properties of the specimen under study.

1. Ref [2]
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Introduction

FIGURE 1. DIC image of the nucleus of a fibroblast cell. (Image courtesy of Patricia Feinegle.)

The specimen reconstruction algorithm is intended to contain two parts. The first part will be a simula-
tion of the DIC imaging process as presented in the current thesis, and the second part will be a speci-
men estimation algorithm.

An added advantage of the ray tracer simulation is that microscope parameters can be modified inter-
actively via the user interface and the effect of these parameters on the image can be calculated. The
translational position of one of the prisms is one of the microscope parameters. Using a ray-tracer, illu-
mination conditions affecting the image quality can be studied. By characterizing the optical properties
and geometry of objects, one can study how effective DIC microscopy would be to image a particular
object without investing time and resources in the setup of the actual optical components.
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The Electromagnetic Wave Nature of Light

SECTION 2 Physics of the DIC Imaging

Process

2.1 The Electromagnetic Wave Nature of Light

An electric field,E, the result of a charge experiencing a vector force FE, is defined by /~E = q’/~

A charge with velocity, v, may experience another force FM, inducing a magnetic field according to the

equation, PM = q~ ×/~ ¯ In addition, according to Faraday’s Induction Law, a time-varying mag-
netic field can generate an electric field which is perpendicular to the magnetic field everywhere. A
magnetic field, in turn, is generated by a time-varying electric field. Any simultaneous electric and
magnetic disturbance, satisfying Maxwell’s equations, is called an electromagnetic (EM) wave. 
electromagnetic wave is described by its direction of propagation, the orientation and magnitude of its
electric field (E-field). Since the magnetic field is everywhere perpendicular to the electric field, with 
proportional amplitude, it does not have to be separately represented. The propagation direction and
the E-field components can be written as space and time dependent vector functions.
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Physics of the DIC Imaging Process
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FIGURE 2. Linearly polarized harmonic wave with two orthogonal components (Ez and Ey) of the
electric field amplitude vector (E).

A linearly polarized, harmonic wave propagating along the x axis can be represented by the following
equation,

E(x,t) = EoCOS (w(t + x/c)) 

where e is the phase of the wave, w is the radian frequency, c is the speed of light in vacuum, and Eo is
the amplitude of the wave. In addition, the electric field component, at any time instant, can be decom-
posed into two orthogonal components along selected axes, resulting in the wave represented in figure

2.The spatial period of the wave is denoted by Z, the temporal period is denoted by x, and the angular
frequency by w = 2n/x . Each component, Ey and Ez, can be represented by the above equa-
tion.Using the complex representation to simplify mathematical derivations, E can also be defined as

E(x,t) = Re{Eoei(wt + kx + ~)}

where

rated,
k = 2n/k. The complex representation allows the spatial and time components to be sepa-

E(x, t) = e-i(kx- e)eiWt = Aiwt, A = Eoe i(kx ~)
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Amplitude and Phase Objects

where A is the complex amplitude, and e/wt is the harmonic time factor. It is assumed that only the real
component of the above exponential is of interest, and therefore will not be explicitly denoted in the
equation.

An important property of the electromagnetic wave is that it transports energy. The energy travelling
through space as an electromagnetic wave is shared between the electric and magnetic fields. By
assuming that the energy flows in the direction of propagation of the wave (this will be true in isotropic
media), the flow of energy can be represented by S, the Poynting vector, defined as

where E and B contain the direction and magnitude of the time varying electric and magnetic fields
respectively and It 0 is the permeability of free space. The magnitude of $ is the power per unit area
crossing a surface whose normal is perpendicular to the direction of S. At optical wavelengths (400-
700nm), S varies rapidly with time. No detector has been realized that can measure the magnitude ors
at any instant of time, therefore any physical measurement of the magnitude has to be a time averaged
value. The total radiant energy absorbed by a surface during some finite interval of time is known as
the irradiance (or intensity) and is defined 

c2e0 ce0 2
I--- <~) = --~---I/~ x/~l = "~’-E0

where e0 is the permittivity of free space. The intensity is proportional to the square of the amplitude
of the electric field. The intensity equation defined as above since the time average of the squared

cosine term equals 1/2, and the speed of light,c= 1/~-~e0 .

2.2 Amplitude and Phase Objects

An object is visually detected by the contrast in color or tone that it provides with its surroundings.
When a lightwave is transmitted or reflected from the object, the object changes the amplitude of the
lightwave causing a detectable contrast. These objects, which modulate the amplitude of an interacting
light wave, are called amplitude objects. The phase of a light wave can also be modulated by an object.
Transparent objects modulate the phase of the transmitted light wave without attenuating the ampli-
tude. Since physical detectors only detect intensity, any phase changes introduced by objects cannot be
directly "seen".
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