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ABSTRACT
Simultaneous Immersion Mirau Interferometry

Oleksandra Lyulko

The present work describes a novel imaging technique for label-free no-UV vibration-
insensitive imaging of live cells in an epi-illumination geometry. This technique can be
implemented in a variety of imaging applications. For example, it can be used for cell targeting
as a part of a platform for targeted cell irradiations — single-cell microbeam. The goal of
microbeam facilities is to provide biological researchers with tools to study the effects of
ionizing radiation on live cells. A common way of cell labeling — fluorescent staining — may alter
cellular metabolism and UV illumination presents potential damage for the genetic material. The
new imaging technique will allow the researchers to separate radiation-induced effects from the

effects caused by confounding factors like fluorescent staining or UV light.

Geometry of irradiation endstations at some microbeam facilities precludes the use of
transmitted light, e.g. in the Columbia University’s Radiological Research Accelerator Facility
microbeam endstation, where the ion beam exit window is located just below the sample.
Imaging techniques used at such endstations must use epi-illumination. Mirau Interferometry is
an epi-illumination, non-stain imaging modality suitable for implementation at a microbeam
endstation. To facilitate interferometry and to maintain cell viability, it is desirable that cells stay
in cell growth medium during the course of an experiment. To accommodate the use of medium,
Immersion Mirau Interferometry has been developed. A custom attachment for a microscope
objective has been designed and built for interferometric imaging with the possibility of

immersion of the apparatus into cell medium.



The implemented data collection algorithm is based on the principles of Phase-Shifting
Interferometry. The largest limitation of Phase-Shifting Interferometry is its sensitivity to the
vertical position of the sample. In environments where vibration isolation is difficult, this makes
image acquisition challenging. This problem was resolved by integration of polarization optics
into the optics of the attachment to enable simultaneous creation and spatial separation of two
interferograms, which, combined with the background image, are used to reconstruct the
intensity map of the specimen. Giving the name Simultaneous Immersion Mirau Interferometry
to this approach, simultaneous acquisition of all interferograms per image has eliminated the
issue of vibrations. The designed compound microscope attachment has been manufactured and
tested; the system produces images of quality, sufficient to perform targeted cellular irradiation

experiments.
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Chapter 1 General introduction

Non-stain non-UV imaging has been in growing demand in the last couple of decades,
because, as the endpoints in contemporary cell biology studies are increasingly complex, it is
important to avoid confounding factors, such as the damaging effects caused by fluorescent
stains or UV light. While genetically modified cells expressing a host of non-toxic fluorescent

labels (1) are available, it is by no means easy to introduce these labels into a “generic” cell.

Perhaps the most established non-fluorescent techniques are Phase Contrast microscopy (2,
3), developed by Frits Zernike in the 1930s, and Differential Interference Contrast microscopy
(DIC), or Nomarski microscopy, developed by Francis Smith in 1955 and later modified by
George Nomarski (4, 5, 6). These techniques operate using transmitted illumination. In recent
decades, with the development of digital technologies, new label-free techniques have emerged —
Quantitative Phase Microscopy (7, 8, 9, 10), digital holography (1, 12, 13), Raman Spectroscopy
(14, 15), low-coherence interferometry (LCI) (16, 17). The advantage of the phase-based
interferometric techniques is that they provide the phase map of the sample allowing

reconstruction of its three-dimensional structure.

The Columbia University Radiological Research Accelerator Facility (RARAF) provides the
radiation research community with well-defined radiation beams for studying the biological
effects of exposure to ionizing radiation. Users typically provide their own cells and endpoint of
interest requiring an imaging technique that would work on all cell types, which generally do not
contain fluorescent proteins. To separate radiation-induced effects from the potential damage

caused by fluorescent staining or UV light, a non-stain non-UV imaging technique was needed.



The transmitted illumination required for DIC and Phase Contrast is not compatible with the
geometry of the RARAF microbeam endstation. Among the available interferometric techniques,
Mirau interferometry was deemed the most suitable for implementation on the microbeam
endstation. The difficulty associated with interferometric imaging is its vibration sensitivity. This
work describes a novel technique, Simultaneous Immersion Mirau Interferometry, which has

been designed and built for imaging of live cells in a vibration environment.

Outline of chapters

Chapter 2 “Background and significance. Motivation for non-stain imaging
development” provides an overview of the directions of the research pursued at RARAF, a brief
description of the facilities and the microbeam irradiation endstation, and explains the motivation
for development of a non-stain, non-UV imaging technique for use in an epi-illumination

geometry.

Chapter 3 “Mirau interferometry” provides an introduction to interferometry, explains the
principles of Mirau interferometry and the advantages of implementation of Mirau
interferometry for label-free cell imaging at the RARAF microbeam endstation. Next, a
description of the commercial Mirau interference attachment is provided, followed by a

description of the implementation of Mirau interferometry at RARAF.

Chapter 4 “Immersion-Mirau interferometry” describes transition from imaging cells in
air to the immersion mode of Mirau interferometry (IMI). Conventionally, the Mirau
interferometer has been used for surface testing and metrology. We initially employed a
commercial Mirau attachment for imaging of live cells in air with the growth medium aspirated

beforehand. The experiments were complicated by the evaporation of liquid from the cell surface



and the surface of the substrate. The experiments with a water-filled commercial Mirau
interferometer and limitations of its use in the immersion mode are discussed. The new method
required a custom interferometric attachment. Design of the new apparatus and specifications of
the optics are followed by the description of experiments and results obtained with the custom

immersion-Mirau interferometer.

During the experiments with IMI it was discovered that interferometric imaging was
confounded by ambient vibrations. Chapter 5 “Motivation for simultaneous imaging”
presents the results of the vibration surveys performed by the lab personnel and by an external
company and describes several vibration-isolation techniques that were implemented and tested

to resolve the issue; however, only limited improvements were observed.

Chapter 6 “Simultaneous Immersion-Mirau interferometry” describes the vibration-
insensitive interferometric imaging technique developed to overcome the issue of vibrations.
SIMI employs the custom immersion-Mirau interference attachment with integrated polarization
optics to encode multiple phase shifts in a single beam which can be split to form several phase-
shifted interferograms simultaneously. Because of the simultaneous acquisition of all
interferograms, this technique is insensitive to vibrations. This Chapter includes a basic overview
of polarization optics and an analysis of the transformations of the polarization components of
the light in the device, and describes the integration of the polarization components into the
device and the image reconstruction algorithm. This Chapter also discusses the production of the
compound windows, requirements for the waveplate components and properties of the coatings.

Finally, the images acquired with the SIMI attachment are presented.



Chapter 7 “Future work” discusses the next steps required to integrate the technique into
the microbeam endstation, such as the integration of the SIMI code into the microbeam control

software and the procedure for recognition of the cells in the SIMI image.

Chapter 8 “Cell recognition: an image analysis software for a high-throughput
biodosimetry workstation” is devoted to the spin-off development from the cell recognition
techniques used at RARAF - a system for high-throughput image analysis for micronucleus

assay in an automated biodosimetry workstation.

Chapter 9 “Conclusion” summarizes the work and the results.



Chapter 2 Background and significance. Motivation for non-

stain imaging development

2.1 Introduction

This Chapter introduces the background and explains the motivation for developing an epi-
illumination label-free imaging technique. The development originated from the needs of the
users of the microbeam of the Columbia University Radiological Research Accelerator Facility
(RARAF) for an imaging modality that does not alter cellular response to irradiation. It is known
that UV light and fluorescent staining can induce damage to cellular components, thus, a non-
stain, non-UV imaging technique has been designed. The known non-stain imaging techniques
operate with transmitted light. The present development accommodates epi-illumination required
by the geometry of the microbeam endstation.

This Chapter discusses the objectives of RARAF, provides a brief overview of the facilities
and the directions of research, a description of the beamline and microbeam endstation and

discusses the effects of exposure of live cells to UV light and fluorescent staining.

2.2 Goals of Radiological Research Accelerator Facilities

2.2.1 Facilities overview

RARAF is a facility for fundamental research of the biological effects of ionizing radiation
on mammalian cells (18, 19). RARAF was founded in the late 1960s and originally operated at
Brookhaven National Laboratory (BNL), providing a source of monoenergetic neutrons (20). In
1980 the facility was dismantled at BNL and moved to the grounds of Nevis Laboratories of

Columbia University, where it has operated routinely since 1984. The core of the facility was the



4 MV Van de Graaff accelerator, which was replaced in 2005 by a 5.5 MV Singletron (High

Voltage Engineering Europa (HVE), Amersfoort, Netherlands).

RARAF concentrates on providing user-friendly experimental setups and sources for
radiobiological research involving protons, alpha particles, neutrons and soft X-rays. The
facilities include particle microbeams, a track segment (broad beam) facility, a standard 250 kVp

X-ray system, and monoenergetic neutron facility.

2.2.2 Particle microbeams

The development and use of particle microbeams is central to RARAF research. A
microbeam is a beam of charged particles of micrometer or submicrometer size, corresponding to
subcellular dimensions (18). Typically microbeams are formed by protons, alpha particles or
heavier ions (18, 21, 22, 23) and provide the following capabilities: (i) by design the cells can be
individually irradiated with an exact number of particles, including one particle per cell; (ii)
selection of specific cells for irradiation; (iii) if the size of a microbeam is small enough, it is

possible to irradiate subcellular targets, for example, nuclei or even mitochondria.

RARAF is one of the few facilities in the world continually progressing in developing new
types of microbeams and in the further developments of the functioning systems. The following

microbeam systems are presently operating or under development:

e Sub-micron charged particle microbeam (“microbeam-I1"). This system consistently
produces a focused beam of charged particles with the beam spot size under 1 pum,
facilitating, for example, experiments with irradiations of mitochondria (24), and has

the capability to produce a beam with the spot size under 0.6 pm.



Permanent-magnet microbeam (PMM). The design of this system is similar to that
of microbeam-II; the difference is that the focusing is done by quadrupole triplets
consisting of permanent magnets instead of electrostatic lenses. This system is
currently operating; it is capable of producing a charged-particle beam of diameter
under 5 um, sufficiently small for irradiation of a cell nucleus.

Soft X-ray microbeam. The X-rays are generated by proton-induced X-ray emission
(PIXE). Protons are focused by an electrostatic quadrupole quadruplet and incident on
a reflection titanium target producing 4.5 keV K, characteristic X-rays (25). The
resulting 50 pum by 100 um X-ray beam is focused with a Fresnel zone plate to a 5
pm beam spot size. The construction of the X-ray microbeam has been accomplished
and biological testing is in progress.

Neutron microbeam. The neutron microbeam is generated by the Li(p,n)’Be reaction
when proton beam focused to 5 um diameter by an electrostatic quadruplet is incident
on a LiF target. Because the proton energy is just above the reaction threshold (1.881
MeV), the neutrons are emitted in a very narrow forward cone. During the proof-of-
principle experiment, a 1-mm diameter 1.886 MeV proton beam generated a 2-mm
diameter beam of neutrons. The biological endstation for this facility has been built
and installed at the end of the proton focusing beamline. The neutron microbeam is
undergoing beam diagnostics tests and is expected to be available for biological
irradiations shortly (26).

UV-microspot. This is a capability of the multiphoton imaging tool and a form of

laser microbeam, also being used as an irradiator. Its advantage over the other



microbeam modalities is that it produces localized damage at one point of the sample

volume.

2.2.3 Types of studies

The microbeam originated as a tool to study the effects of radon exposure when cells are
exposed to either zero or one alpha particle (27). An instrument was required that would enable
the researchers to target individual cells and to deliver an exact number of particles to a cell.

RARAF was one of the first facilities in the world to develop such an instrument.

The main focus of the biological experiments at RARAF now is on the so-called bystander
effect: the biological response of the cells that are not directly irradiated (28, 29). There is
evidence that unirradiated cells or tissues show dose response when they receive a damage signal
from their neighboring cells or from other tissues in an organism. The signal can be transmitted
both in confluent cell cultures via gap junctions and in cultures with low cell density by damage
signals; these mechanisms are not mutually exclusive. The studies of the bystander effect were
greatly facilitated in recent years by the capability of microbeams to irradiate selected cells and

not the others, and lately by the possibility of targeting specific areas within a cell.

Various targets can be irradiated to study the bystander effect:

e cells cultures in monolayers;
e 3D tissue cultures;
e Small animals (C-elegans, medaka fish embryos, zebra fish hatchlings, hairless mice)
(30).
It has been shown that not only nuclear damage is genotoxic — irradiation of the cytoplasm

also causes damage to the DNA, mediated through reactive oxygen species (31). Cytoplasmic



irradiation may be more mutagenic than nuclear, because only few cells are killed and genetic
changes are passed to the daughter cells (29). An important role in transmitting the bystander
signals is played by mitochondria (24). To study these effects, RARAF offers cytoplasmic-

irradiation capability in addition to nuclear irradiation.

2.2.4 New capabilities

New technologies are being developed that can be integrated into the existing systems: the
point-and-shoot technology for rapid targeting, flow-and-shoot technology and microfluidic cell
handling, control of the cell environment during irradiation (humidity and CO, controls have
long been used and the temperature control has been recently added), optoelectronic tweezers,
micromanipulators, etc. Rapid automated imaging and cell detection are essential in irradiation
experiments. Novel imaging techniques are available along with conventional fluorescent
imaging. For instance, multiphoton technology (18) provides the opportunity to study radiation
effects on tissues and small animals. Implementation of label-free imaging (32, 33) will give our

users a choice of excluding the influence of fluorescent dyes.

2.3 Effects of exposure of mammalian cells to UV light and fluorescent

staining
2.3.1 Interaction of radiation with biological molecules

When radiation is absorbed in biological material, it interacts with cellular components,
which leads to excitation or ionization of atoms or molecules (34). The elevation of an electron
in an atom or molecule to a higher energy level without ejection of the electron is
called excitation. Ejection of an orbital electron from an atom or molecule is called ionization. If

radiation possesses energy sufficient to ionize an atom or molecule, it is called ionizing radiation.
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Molecules in a cell may be excited or ionized by direct interaction with radiation (“direct effect”)
or as a result of interaction of radiation with other atoms or molecules and the production of free
radicals that are able to reach and interact with the target molecule (“indirect effect”) (34, 35,
36). The most abundant molecule in a cell is the water molecule, which makes the indirect action
of radiation a very likely event. The rest of the cell content consists almost entirely of

macromolecules, such as DNA (deoxyribonucleic acid) and proteins (37).

DNA is a nucleic acid carrying genetic information encoded in a sequence of nucleobases
(adenine, guanine, thymine and cytosine). The nucleobases are attached to the “backbones”,
consisting of alternating sugars and phosphate groups, forming two strands. The strands are
linked by hydrogen bonds between the bases and form a double helix. Histone proteins help to

arrange DNA in a structure called chromatin which is packaged inside the cell nucleus.

Proteins are complex biological molecules built of sequences of amino acids called
polypeptide chains. Each protein is responsible for a specific function in a cell or organism. For
example, enzymes catalyze biochemical reactions, facilitating metabolism. Antibodies
participate in immune response. Hormonal proteins (e.g., insulin, oxytocin) control and
coordinate different physiological processes by transmitting signals from cells to distant tissues.
Structural proteins (collagen, elastin, keratin) form cytoskeleton, extracellular matrix and

connective tissues. Transport proteins (hemoglobin) carry molecules in and out of the cell (38).

Interaction of radiation with biological molecules results in lesions — damage to the structure
of a molecule that causes suppression of the function of the molecule. A single-strand DNA
break, or a lesion in one of the strands of DNA, in a live cell is very likely to be repaired using

the opposite unmodified strand as a template. Similarly, breaks in two strands can be repaired if
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they are located far from each other on the strand. However, a misrepair of DNA will result in

mutation.

If the breaks on the two strands are opposite each other or located within a few base pairs,
this creates a double-strand break (DSB). A DSB is especially difficult to repair and is therefore
the most hazardous lesion, although mechanisms for DSB repair exist (39). The interaction of

two double-strand breaks may result in cell death, carcinogenesis, or mutation (34).

2.3.2 Ultraviolet light

Ultraviolet light, or UV light, is electromagnetic radiation of wavelength from 10 nm to 400
nm and energy from 3 eV to 124 eV. Various conventions are accepted for classification of UV-
radiation by wavelength and types of interaction with matter. For example, the radiation of
wavelength from 10 to 121 nm (corresponds to energies 124 to 10.2 eV) is referred to as
“Extreme Ultraviolet” (EUV or XUV); the wavelengths 100-200 nm (12.4-6.2 eV) are defined as
“Vacuum UV” (VUV) because they are absorbed by atmosphere and can be observed only in
vacuum. The most widely used nomenclature defines the spectral regions which are
characterized by specific properties of absorption by biological tissues. The spectrum of the UV
radiation from 100 nm to 400 nm can be divided into three subregions, as accepted by the CIE
(International Commission on Illumination): UVC (100-280 nm), UVB (280-315 nm), UVA

(315-400 nm).

UV light can induce damage to biological cells either by direct absorption of radiation by the
cellular molecules or through the action of sensitizers (40). Of particular importance is the
interaction of UV radiation with a cell’s DNA and proteins because of their UV absorption

characteristics and abundance in the cell.
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Light with the photon energy 10 eV and above is ionizing. These energies correspond to
wavelengths below 125 nm, which includes EUV and the shortest wavelengths of the UVC
spectral region. The radiation of the UVC range is strongly absorbed by biological material with
absorption peaks at 260 nm for DNA and around 280 nm for proteins (41, 42). In DNA, the
absorption of UV light leads to formation of covalent linkages between thymine or cytosine

bases — pyrimidine dimers.

A photosensitizer is a molecule that transfers the energy of absorbed light to a receptor cell
initiating a chain of events eventually leading to the damage of other cellular material. Most of
the damage coming from the UVA radiation is done via photosensitization. Singlet oxygen (*O,)
and radicals formed in photosynthesized reactions cause oxidative damage to DNA by creating

purine dimers (40).

UVB light produces both oxidative damage and damage resulting from absorption of

radiation in cellular structures (40, 43).

In proteins, the reactions induced by UV light involving singlet oxygen and radical species

lead to disruption of protein structure.

Thus, UV light, although not directly ionizing in most of the spectrum, produces damage

similar to that of ionizing radiation and is involved in cell mutagenesis and carcinogenesis.

2.3.3 Possible cellular damage from UV light in the laboratory environment
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Figure 2.1 shows the spectrum of a mercury light source, widely used for illumination of
biological specimens, overlaid with the excitation spectrum of the XF-06 filter cube used for UV
illumination. The chart indicates that the wavelengths of the light incident on the sample fall into
the UVA range. Thus, there is a possibility for cells under observation to be damaged by the

illuminating light, mainly through oxidation.
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Figure 2.1 Spectrum of the UV filter (blue), overlaid with the part of the spectrum of a
mercury light source below 500 nm (dark blue).

The effect of illuminating live cells with UV light was observed in a cell-survival
experiment. A microbeam experiment was simulated without irradiation. During the experiment
live cells of the human-hamster hybrid cell line (A.) were exposed to UV light of different
intensities from an EFOS Acticure 4000 mercury lamp (EXFO America Inc., Richardson, TX).
The XF-06 fluorescent filter was used to select the UV component of the spectrum. The
experiment consisted of a coarse scan of each dish (about 15 seconds) under the 10x-

magnification objective followed by a “mock” irradiation (with O alpha particles) under a 40x
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objective for approximately 20 minutes. The lamp intensity was adjusted each time before the
coarse scan and measured under a 10x objective. It was set to 2, 4, 8 or 12 mW/cm? — from 17%
to 100 % of the full lamp brightness. During the irradiation phase, the illuminated field of view
moved from one target cell to another, so that each cell was exposed to UV light for 1-6 seconds
at lower intensity because of the higher numerical aperture of the 40x objective. The cells were
harvested the day after the experiment and the colonies counted on the fourth day. The original
number of cells in each dish was on average 1558. Figure 2.2 shows results of the experiment.
Each data point represents an average of two dishes. The data demonstrate a decrease of the cell-

survival rate as the intensity of the UV light increases.
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Figure 2.2 Survival rates of cells exposed to different intensities of UV light. Each data point is
the average of two dishes. The data from the cell-survival experiment was provided by Yu-Chin
Lien.

To prevent the excessive exposure of the cells to UV light when it has to be used, the UV

intensity level is kept at 2 mW/cm? (17% of the maximum lamp intensity), as monitored daily
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using a UV-intensity meter. The lamp shutter was programmed to open and close automatically

during the image acquisition (typically 0.2 seconds).

2.3.4 Fluorescent staining and phototoxicity

Fluorescence is the phenomenon of emission of light of a certain wavelength by a molecule
following absorbing of light of a different (shorter) wavelength. A fluorescent probe is a
fluorescent molecule capable of binding to a specific site of a cell or responding to a specific
stimulus (44). Fluorescent probes are used extensively in biological sciences for detection and

visualization of biomolecules, cell components and for studying cell function.

The major potential hazard to the cell in fluorescent microscopy lies in the interaction of the
fluorescent probe with light: when a fluorescent molecule is in its excited state it can react with
molecular oxygen causing the production of reactive oxygen species (ROS), which include
singlet oxygen (*O,), superoxide (-Oy) or hydroxyl radical (HO-). Similarly to the processes
induced by UV light, these species react with cellular components such as nucleic acids, proteins
and membrane lipids. Much of the physiological damage is caused by singlet oxygen that mainly

reacts with nucleic acids (41, 45).

One of the factors affecting the amount of phototoxic damage is the proximity of the
fluorescent molecules to DNA. The effect is more damaging when the binding site is located

close to the nucleus.

To minimize possible phototoxicity due to fluorescent staining, the recommended
concentration of Hoechst 33342, the most commonly used nuclear stain, is 50 nM for microbeam

irradiations.
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2.4 Description of the RARAF microbeam. Epi-fluorescence

2.4.1 Beam optics

The beam of charged particles is provided by a 5.5-MV Singletron (Figure 2.3), which was
installed in 2005 to replace the Van de Graaff that was over 50 years old. High voltage is
generated in the Singletron through an inductively coupled Cockroft-Walton power supply (18).
The voltage production in the Singletron does not require any moving parts, hence the voltage
ripple is no more than 150 V peak-to-peak at a terminal potential of 3.75 MV, as opposed to the
several kilovolt fluctuations of the Van de Graaff. The small voltage fluctuations reduce
chromatic aberration effects in the electrostatic lenses, which helps produce a smaller focused

beam spot.
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Figure 2.3 5.5-MV Singletron particle accelerator installed at the Columbia University
Radiological Research Accelerator Facility. Connected to front of the accelerator and extending
to the right is the horizontal part of the beam line.

Figure 2.4 Singletron acceleration tube.
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A radio frequency (RF) ion source provides ions of hydrogen, deuterium or helium for the
accelerator (Figure 2.5). The ions are formed when electrons, excited by the RF electric field,
collide with the neutral gas particles (18, 46). The extraction power supply is used to extract the
beam from the ion source. The particles are focused in the terminal of the Singletron using the
probe power supply and gain energy as they travel down the acceleration tube (Figure 2.4). After
leaving the accelerator, the charged particle beam passes through a set of four adjustable slits
(Figure 2.6) that limit the angle of the beam cone (21). Next, a 90° magnet bends the beam
vertically upward and focuses it in two directions so that the beam spot is circular at the focal
point, where the object aperture for the focusing system is located. The object aperture consists
of two pairs of ground tungsten rods, each pair set at an angle to each other. Moving the pairs of
rods in and out changes the size of the aperture from less than 1 um to 150 um. The object
aperture is preceded by an X-Y electrostatic deflector that decouples the angular deviations and
positions of the particles with respect to the axis of the beam. This makes the operation of the
downstream optics independent of the state of the ion source and the shape of the beam in the
phase space. The deflector is also used to deflect the particle beam between cell irradiations. The
deflector comprises a set of four poles, designed similarly to the components of the object
aperture. Triangular waveforms from two power supplies are provided to the electrodes at
different frequencies to randomize beam position (21). The divergence limiting aperture is
placed after the object aperture at the entrance of the first focusing lens. It defines the angular

acceptance of the system.
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Figure 2.5 Singletron RF ion source.

The focusing system consists of two electrostatic quadrupole triplets. It has a number of
advantages over other types of focusing systems. Compared to a collimated system, the diameter
of the produced beam is reduced without the scattering inherent in an aperture system, which
produces a “halo” of scattered particles. Unlike magnetic lenses, electrostatic lenses do not have
hysteresis and therefore can be tuned easily, allowing rapid changes between different ions and
energies; in addition, they do not require cooling elements. The field strength of the electrostatic
lenses is independent of the ion mass and charge and is a function only of the accelerating

voltage, which makes them well suited for heavy-ion beams.
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Figure 2.6 The vertical part of the beam line and the beam optics system of the RARAF particle
microbeam. The schematic drawing is adapted from G. Randers-Pehrson, et.al., “The Columbia
University sub-micron charged particle beam”, Nucl. Instr. and Meth. A 609 (2009) 294-299,
with permission.

The design of the electrostatic triplets at RARAF incorporates several innovations. One
feature ensures the alignment of electrodes in a quadruplet and the alignment of the quadruplets.
Each triplet consists of four parallel ceramic rods (Figure 2.7). A thin layer of gold is evaporated
onto each rod in bands, forming three consecutive cylindrical electrodes, thus quadrupoles are
successively aligned by design. The spacing between the elements of the triplets is done via rigid
assembly using v-blocks and precision cross-spacers. In the centers of the cross-spacers there are
holes 2.3 mm in diameter through which the beam is transmitted. The clamps and spacers
holding the electrodes in place are ground planes to control the electric field at the ends of the

electrodes. The lens components were built with micrometer precision.
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Figure 2.7 Electrostatic quadrupole triplet focusing lens. Reproduced from G. Randers-Pehrson,

et.al. “The Columbia University sub-micron charged particle beam”, Nucl. Instr. and Meth. A
609 (2009) 294-299, with permission.

Another novelty applies to the way the strengths of individual quadruplets are achieved.
Instead of varying the voltage on electrodes of the same length, the lengths of the electrodes are
chosen so that the proper focusing is achieved with voltages of the same magnitude on each
electrode. This prevents reaching a breakdown potential on one of the electrodes well before it is
reached on the others, i.e., a weak link. The polarities and strengths A, +B and +C of the
quadrupoles follow the “Russian symmetry” pattern: (+A, -B, +C), (-C, +B, -A) (47). Russian
symmetry provides equal demagnification in both focusing planes, resulting in a circular beam

spot.

The design of the lenses was further improved after the initial tests. An additional groove on
each insulating ceramic region between two electrodes makes the breakdown even less likely due
to the increased pathlength on the surface of the insulator. In addition, the implantation of
platinum ions on the surface of the ceramic rods slightly increases the surface conductivity which
helps to bleed off charge from the accumulation of any stray charged particles, providing better

focusing characteristics.
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Calculations using the General lon Optics System Software (GIOS) showed that for a given
diameter of the object aperture there is a diameter of the limiting aperture at which the minimal
beam spot size is produced. This optimal beam size decreases as the diameter of the object
aperture decreases. With the focusing beam optics, we have reached a sub-micrometer beam spot

diameter, appropriate for targeting of subcellular components (18).

The beam line ends with a beam exit window which comprises a piece of silicon nitride with
dimensions 5 mm x 5 mm and thickness 200 um with a transmission window of 1.5 mm x 1.5
mm and thickness of 500 nm. To minimize scattering, a 0.25 mm x 0.25 mm 100 nm thick

window can be used (21).

2.4.2 Microbeam endstation

The schematic of the microbeam endstation is shown in Figure 2.8. The components of the
endstation are: (i) a beam exit window; (ii) a microscope; (iii) a light source; (iv) a camera, frame
grabber card and an image analysis software; (v) a precision stage for moving the sample during
imaging and irradiation or during beam diagnostics; (vi) a stage controller; (vii) a particle

detector; (viii) a computer with irradiation control software; (ix) a beam stop (shutter).
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Figure 2.8 The RARAF microbeam endstation, schematics.

A Nicon Eclipse 600FN microscope is installed in a kinetic mount in such a way that the
sample under irradiation is positioned over the exit window of the beam line. The microscope
has a pivot arm for off-line positioning. The precision stage is incorporated into the microscope.
It consists of a custom-built coarse x-y stage and coupled to it a low-profile three-axis
piezoelectric-actuated nanopositioner (Nano-LP200, Mad City Labs Inc., Madison, W1). The z-
axis resolution of the nanostage is 0.4 nm. The sample is illuminated with an EFOS Acticure

mercury vapor short arc lamp. The light source is coupled to the microscope via a liquid light
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guide and is equipped with an automated shutter to prevent overexposure of the samples. A
neutral density filter reduces the output of the lamp. For fluorescent imaging of the cell nuclei, a
narrow-band epifluorescent cube (XF-06, Omega Optical, Brattleboro, VT) is used to select a
366-nm line. The cubes can be easily switched for the imaging of other cell organelles or small
animals. The imaging is done by a Photon Max 512 EMCCD camera (Princeton Instruments,
Acton, MA) connected to a Matrox Genesis processing board. The Matrox Imaging Library
(MIL) was used as a platform for real-time image grabbing and image processing software. The
entire microbeam control program was developed in Visual Basic under the Windows NT

operating system.

The dish with cultured cells is positioned on the stage just above the beam exit window
(Figure 2.9). To facilitate the particle traversal through the bottom of the dish and the biological
material, the cells are plated in specially designed dishes. A “4” diameter hole is drilled at the
center of the bottom of a standard 60-mm diameter Petri dish; a 3-um thick layer of
polypropylene is epoxied to the bottom of the dish. The cells are plated in the mini-well formed
by the hole and with polypropylene in the bottom. To enable the cells to attach to polypropylene
we use Cell-Tak (BD Biosciences, Bedford, MA). The irradiation protocol for each experiment
includes a specified number of particles per cell, the percentage of the cells to be irradiated, and
the type of irradiation, i.e. nuclear, cytoplasmic, etc. First, a coarse scan is performed under a
10x objective when the regions containing cells are determined. The coarse scan is followed by
an irradiation. The regions in which at least one cell was found during the preliminary scan are
imaged with a 40x-magnification objective, and each located cell is moved by the stage to the
coordinates of the beam (18, 22). Upon traversing the cell, the delivered particles are detected by

a gas proportional counter, attached to the objective by a collar. Once the prescribed number of
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particles is detected by the counter, the beam is shuttered by the electrostatic deflector, described

above.
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Figure 2.9 The microbeam endstation. The 40x-magnification objective with the gas detector is
positioned over the irradiation dish.

As described in the previous section, due to the vertical microbeam beam line configuration,
the beam exit window is located below the dish and the particles are delivered to the target from
below the sample. The microscope objective is located above the dish and arranging the light
source below the stage does not seem feasible (Figure 2.8, Figure 2.9). This makes transmission

imaging techniques unfeasible for the purpose of irradiation. An epi-illumination technique
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needed to be implemented as a tool for the non-stain / non-UV epi-illumination imaging and we

have chosen Mirau interferometry.



27
Chapter 3 Mirau Interferometry

3.1 Introduction

The present development was motivated by the concerns of the RARAF users that
fluorescent stains and UV light potentially induce cytotoxic damage additional to the cellular
response to the microbeam irradiation being studied. To eliminate these confounding factors, a
non-stain, non-UV imaging technique is required for targeting of live cells during microbeam
irradiations. The geometry of the microbeam endstation necessitates epi-illumination, as the
beam exit window is located below the sample. We have chosen Mirau Interferometry — this
technique satisfies the above requirements and utilizes a very compact arrangement suitable for

incorporating into the microbeam endstation.

This Chapter begins with the description of the basic principles of interferometry. Next,
Phase-shifting Interferometry (PSI) is discussed — a method of data acquisition based on the
collection of multiple interference patterns with different phase shifts between the test and
reference beams and the exact calculation of phase, proportional to the height of the sample, at
each point. This is followed by the description of Mirau Interferometry and the discussion of the
advantages of PSI and Mirau interferometry. Finally, the commercial Mirau interference
attachment and the implementation of Mirau interferometry at the RARAF microbeam

endstation are described.

3.2 Basics of Interferometry

The phenomenon of interference occurs when light from a single source is divided into two

beams which are then superimposed (48). The intensity of the resulting beam varies from point
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to point between minima which may be zero and maxima which exceed the sum of the intensities
of the combining beams. The intensity I of light is the amount of energy transferred per unit time

through a unit area perpendicular to the direction of the energy flow. For a plane wave,

= (B = g )

For comparison of the intensities in the same medium, the quantity (E2) can be taken as a
measure of intensity. For a monochromatic field, the electric vector can be represented as
. 1 . .
E(r,t) = R{A(r)e @t} = > (A(r)e~ @t + A*(r)e'®?t),
where A is a complex vector with components
Ay = a;(0)e @, A, = a,(r)e:, A, = az(r)e'9:®,
and a; and g; (j=1, 2, 3) are real functions. It follows that

1 . .
2 _ Z(‘428—21001? +A*2621wt +2A A*)

Averaging over a time interval large compared with the period T = 2”/w,
1 1
(E%) =3 A-A =§(a§ + aZ +aj).
If two monochromatic waves E; and E, are superimposed at some point in space, then the

total electric field would be

E? = EZ + E3 + 2E, - E,,

and the total intensity

I=(E*) =(E2)+(E3)+ 2(E; -E;) =L, + I, + 1,
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with 1; and I, being the intensities of the two beams and Ji, the interference term. Suppose A and

B are the electric vectors of two waves with components

A, = a.e'r, ..., B, = bye'M, .,

and the same phase difference § was introduced between the corresponding components, so that
91— hy =9, —h; =93 —h3 =4.

In this case

Jiz = 2(E; - Ep) = 1< Ae™'0t + A*el@t) . (Be 't + B*e'®t))
2

1 . . 1
=>(A Be ' + A" B'¢?® + A-B*+ A" B) =5 (A-B"+A"-B)

= a, by cos(g; — hy) + azb; cos(g, — hy) + azbs(gs — hs)

= (albl + a2b2 + a3b3) COS 6

Because the electromagnetic waves are transverse and the light beams, polarized in
perpendicular directions (i.e., having orthogonal electric vectors), do not interfere, according to
Fresnel-Arago laws, we can assume that both rays are polarized in the x-direction and a, = b, =
az = bz = 0. Then,

1 1
11=Ea%, Izzzblz,

]12 = a1b1C055 = 21111126'056,
and

1 1
I=1+1,+2/1I,cos6 = Ea% + §b12 + a, b, cosé.
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3.3 Phase-shifting interferometry

For years before the introduction of computers and digital technologies into scientific
measurement, the main disadvantage of the interferogram analysis was its labor-consuming
nature (49). The development of digital techniques gave rise to methods of rapid and repeatable
measurements of interference fringe patterns (50). In the 1960s and 1970s the computer-aided
intensity-based techniques for localizing fringe maxima and minima were developed. While still
remaining viable, these interferogram analysis techniques have a number of drawbacks (51, 50,
52). First, the error of determining a fringe center can be larger than 1/10 of a fringe width.
Second, the number of data points is reduced by collecting the data only along the fringe centers;
the sample can be tilted to increase the density of the fringes, in which case the accuracy of the
measurement suffers even more. Third, most analyses are done on a uniform grid and require
interpolation. These drawbacks can be overcome by using Phase-Shifting Interferometry (PSI).
PSI is a data collection and analysis method in which a series of interferograms is recorded
electronically while the phase of the reference (or test) beam of the interferometer is changed
(52). A detector array is placed in the plane of the interference fringe formation and a series of
interferograms with different phases is recorded. The phase difference between the test and
reference beams is encoded in the intensity at each point of the interferogram. The data are sent
to a computer and point-to-point calculations recover the phase of the wavefront. The calculated

phase is proportional to the height of the test surface at any given point.

If &, is the increment of the phase of the test beam for the i"™ measurement, then the resulting

intensity at a point (x, y) can be described by the formula

Ii(x,y) = I'(x, y) + I"(x, y)cos(p(x,¥) + &),
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a xy)+af (xy)

where I'(x,y) = >

is the average intensity, I"(x,y) = a;(x,y)a,(x,y) is the fringe

or intensity modulation, and ¢(x, y) is the phase difference (unknown) between the test and

reference beams.

3.3.1 Methods of introducing a phase shift

The most common way to introduce a phase shift between two interfering beams is to move
the reference surface (or the test surface with respect to the reference) with a piezo-electric
transducer (53). When the applied voltage changes discretely or continuously, the phase shift
varies step-wise or is a continuous function of time (54). Another way to create a stepped or a
continuous phase shift is to place a tilted plane-parallel plate into the reference arm. As the tilt

angle increases, the optical path within the plate also increases.

An alternative method to introduce a phase shift is to produce an optical frequency difference
between the two beams. Such frequency difference may be created, for example, by a rotating a

half-waveplate (55, 56) or by a moving diffraction grating (51).

3.3.2 Methods of data collection

The algorithms of data collection in PSI differ by the amount of phase shift and by the

number of collected interferograms.

Perhaps, the simplest and the most common technique is the four-step algorithm (52, 49). It
requires a phase shift of % and four separate interferograms. The phase shift takes the following

values:

.
§;=—,i=1,234
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Then, the equations for the intensities take the form:

yis
L;(x,y) =1'(x,y) + I"(x,y) cos [(p(x,y) +§(i - 1)],1’ =1,2,34

which are equivalent to the set of equations
(li(x,y) =1'(x,y) + 1" (x,y) cos p(x, )
{ L(x,y) =1'(x,y) = 1" (x,y) sin g (x, y)

Lx,y) =1I'(x,y) = I"(x,y) cos p(x,y)
L(,y) =1'(x,y) +1"(x, y) sinp(x,y)

I'(x,y) is eliminated by subtracting the third equation from the first and the second from the

fourth. Taking the ratio of the two resulting equations we can obtain the phase as

1 L(x,y) — L(x,y)
Il(x'y) - 13(x,y)

@(x,y) = tan

Since there are three unknowns in the resulting intensity equations — ¢, I'(x,y) and I"'(x, y),

the minimum number of measurements required to reconstruct the wavefront is three.

The Carre technique can be applied when the phase shift is unknown — as long as the steps
are equal. In this case, four equations with four unknowns are solved and the phase at each point
IS

L — 1 I, —1
G G s o

where

3l = 1I3) = (I, — 1)
(Ih—L)+U;—I3)

a(x,y) = tan™! \/

is half the phase shift between two consecutive steps. The advantage of this algorithm is that it

compensates for the systematic errors in the amount of phase shift (52).
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The “2+1” algorithm (57) uses two interferograms separated by g and a background. The

Doppler frequency shift and interlaced image transfer from a CCD is used to record two images

virtually simultaneously.

The least squares algorithm allows finding a solution in the general case of N interferograms
(53, 52, 51). First, the equations relating the phase and intensities are re-written in the form
where ¢ (x,y) and 6; are decoupled. Then, at each point (x, y) a set of coefficients, dependent on
the wavefront phase ¢, is determined by minimizing the squared difference between the
measured and predicted intensities. The wavefront phase easily can be found analytically once

these coefficients are obtained.

3.4 Mirau Interferometry

Mirau interferometry is an interferometric technique that uses a compact system, consisting
of a beam-splitting surface and a reference mirror, arranged in such a way that both optical
elements share the same axis with the microscope objective (58). The compactness of the Mirau

interferometer allows for mounting or incorporation into a microscope objective.

3.4.1 Principles of Mirau Interferometry

A schematic of a Mirau interferometer is shown in Figure 3.1. The beam splitter divides the
source light into the reference path (reflected and directed onto the reference mirror) and the test
path (transmitted onto the sample). The position of the attachment between the objective and the
specimen is adjusted so that the test and reference path lengths are equal. The reference mirror is
a circle in the middle of the comparison face with a diameter equal to the diameter of the light

spot focused on the sample, i.e. large enough to cover the entire field of view, but not too large to
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obscure the incident and emerging beams significantly. The two paths recombine in the plane of
the beam splitter, return through the objective and form an interference pattern in the image
plane. The intensities at each point of these patterns are functions of background intensity, fringe

modulation and sample height (phase).

The most common realization of Mirau interferometry is through PSI, which was also
implemented at RARAF using the four-frame algorithm. The vertical position of the sample is
changed by quarter-wavelength increments to acquire four interference patterns with relative
phases 0, w/2, ® and 3mw/2. To reconstruct the topographical image of the sample, the

interferograms are sent to a computer.

Objective

Reference
mirror

Beamsplitter

test
Sample

Figure 3.1 Principle of operation of Mirau interferometer.
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3.4.2 Advantages of implementation of Mirau interferometry and PSI at the

RARAF microbeam endstation

The Mirau interferometry and the PSI data collection method were chosen to implement at
the RARAF microbeam endstation because of their advantages and the suitability for our

applications. The advantages of Mirau interferometry are:

1. Small dimensions. The compactness of the Mirau interference attachment allows
integration into the microbeam endstation more easily than the other two-beam

interferometers (for example, Michelson or Linnik (49)).

2. Wide range of magnifications. The Mirau interferometer is suitable for work at

magnifications in the range from 10x to 50x.

3. Insensitivity to the aberrations from the objective. The test and reference beams
share a common path up to the beam splitter, therefore, they carry the same
aberrations caused by the microscope objective and there is no net optical path

difference when the interference is produced (59).

4. Easy alignment. The Mirau attachment has a relatively simple alignment procedure,

described in the next section.

The advantages of Phase-shifting Interferometry are the following:

5. Precision. The precision of PSI can be can a factor of ten to a hundred times that of
the techniques relying on recording and digitizing the position of the fringes, because
in the latter techniques it is limited by the precision of finding the fringe maxima or

minima (52, 50).
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6. Relative simplicity. PSI requires only a camera sensor, an interferometric attachment
and a phase-shifting device. The calculations for phase extraction are carried out
point-to-point.

7. High speed. With PSI, a phase map of the sample can be obtained in a few seconds,
which facilitates high throughput of microbeam irradiations.

8. Independence of the shape and width of fringes. Because PSI data analysis does not
depend on following the fringes or localizing their centers, any type of fringe pattern
can be used, including fringes with greater width than the size of the field-of-view.
This is particularly important, because a sample consisting of cells plated on polymer
film a few micrometers thick can produce various kinds of interference patterns and
the surface angles may vary. When the number of fringes in the field of view is
minimized, an accuracy of a hundredth to a thousandth of the wavelength can be

achieved (52).

3.4.3 Description of the commercial Leica Mirau interferometer

The Mirau interferometer is designed for surface metrology, such as inspection of topology
of wafers, microelectronic and micromechanical components and optical surfaces (60, 61). An
example of surface analysis is shown in Figure 3.2. In the described application, a Mirau

interferometer is intended to be used for targeting live cells during microbeam irradiation.
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Figure 3.2 Example of analysis of the surface structure of calcite. Reproduced from “Leica
Incident Light Interferometers for High-Precision Surface Metrology”, a manual. Courtesy of
Leica Microsystems Inc. ©2012. All rights reserved.

In our initial experiments we used a Leica Mirau interferometric attachment (Leica Incident
Light Interferometer, Leica Microsystems, Wetzlar, Germany). A photograph of the assembly is
presented in Figure 3.3. The interferometer consists of an incident light objective with
magnification options for 10x, 20x or 50X, the basic unit, or the body of the interferometer, and
the Mirau interference attachment. For the described application, a 50x objective was used. The
basic unit has a thread for mounting onto the objective, a knurled ring for positioning the
reference surfaces with respect to the objective for focusing and knurled screws for tilting the
reference surfaces. The interference attachment comprises four beam-splitter surfaces with
reflectance values of 5%, 25%, 50% and 85% and a reference spot mirror located on a window

parallel to the beam-splitters (Figure 3.4). The beam-splitters are arranged on a rotatable disk for
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easy selection and positioning them in the light path (62). The reflectance value of the beam-

splitter is adjusted according to the reflectance of the sample.

Figure 3.3 Components of the Leica Mirau interferometer. (1) — microscope objective. Basic
unit: (2) — mounting thread, (3) — knurled ring for focusing, (4) — knurled screws for adjusting
the reference surface plane with respect the sample plane. Interference attachment: (5) — beam-
splitters with various transmission values, (6) — rotation disk. Adapted from “Leica Incident
Light Interferometers for High-Precision Surface Metrology”, a manual. Courtesy of Leica
Microsystems Inc. ©2012. All rights reserved.
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Figure 3.4 Leica Mirau Interference attachment, top view. The reference spot mirror can be seen
in the middle of the upper window.

In order for interference to occur, the test and reference paths of the interferometer should be
approximately equal. This can be achieved when the sample and the image of the reference
mirror in the beam-splitter are simultaneously brought into the focus of the objective lens (Figure
3.5). To facilitate location of the reflection of the reference mirror in the beam-splitter, the side

of the mirror facing the beam-splitter has markings etched on it.
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Figure 3.5 Equalization of the test and reference paths of the Mirau interferometer is realized
through simultaneous focusing on the specimen and on the reflection of the reference mirror in
the beam-splitter.

Once the basic unit with the Mirau attachment is mounted onto the objective, the knurled ring
is used to move the attachment up or down with respect to the objective to focus on the markings
on the reference mirror. When the image of the reference surface is in focus, the objective may
be lowered to find the interference fringes. The presence of fringes indicates that the test and
reference paths are equalized. The knurled screws are used to tilt both the beam-splitter and the
reference mirror with respect to the specimen to achieve the desirable density of fringes. For best

contrast, the reflectivity of the beam-splitter should be chosen to match that of the specimen (63).

3.4.4 Implementation at the microbeam endstation

Mirau interferometry was implemented at the RARAF microbeam endstation in the

following way (see Figure 3.6).
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Figure 3.6 Components of the Mirau interferometric imaging system: 1 — Mirau interference
attachment mounted onto the microscope objective, 2 — microscope, 3 — light source, 4 —
microscope cube, 5 — neutral 50/50 beam-splitter, 6 — 540 nm filter, 7 — microbeam Petri dish, 8
— precision stage, 9 — end of the beam line with the beam exit window, 10 — camera, 11 — control
computer with custom software, 12 — NanoDrive.

The Mirau interferometric attachment 1 is mounted onto the objective lens attached to the
Nikon Eclipse 600FN epi-fluorescent microscope 2. The sample is illuminated with a mercury
vapor light source EFOS Acticure 3. A custom microscope filter cube (model 21000, Omega
Optical Inc., Brattleboro, VT) 4 is fitted with a 50/50 neutral density dichroic mirror 5 and an
illumination filter transmitting light with the wavelength A=540 nm and the bandwidth AA=25
nm 6. The bandwidth defines how monochromatic or coherent the beam is. Coherence is the

ability of two beams to interfere. Coherence length is the propagation distance over which the
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beams are still coherent. When a filter with the bandwidth of 25 nm centered at 540 nm is used,

2
the coherence length of the light is [, = %ln 2 X % = 5.1 um. The low coherence length results

in suppressing stray reflections and interference formed by the beams reflected from other
surfaces (64). A custom-made microbeam Petri dish 7 is positioned in a holder on the precision
stage 8. The Nano-LP200 nano-positioner from Mad City Labs (Madison, W1) enables precision
vertical motion of the sample with a resolution of 0.4 nm. As described in Chapter 2, the dish has
a well in the bottom where cells are plated on a layer of polypropylene 3-um thick. The dish is
positioned in such a way that the cells are located directly above the microbeam exit window 9.
The combined test and reference beams form interferograms on the sensor of the PULNiX CCD

camera 10.

Four interferograms are acquired at equal quarter-wavelength steps in height to obtain each
image. To reconstruct the image of the sample, the interferograms are sent to the control
computer 11, where they are processed with custom software written in Visual Basic using the
Matrox Imaging Library (MIL). The computer communicates with the Nano-Drive 12 which, in
turn, sends a signal to the nano-positioner to enable vertical motion for acquisition of the next

interferogram.

As described earlier, the intensity at each point of an interferogram is described by a system

of equations

Li(x,y) =1(x,y) +1"(x,y) cos[p(x,y) + 6;],i =1, ...,n

where I' (x, y) is the average intensity, I"(x, y) is the fringe or intensity modulation, ¢ (x, y) is
the phase difference between the phase and reference beams at a point (x, y), n is the number of

the acquired interferograms and §; is the phase step between consecutive interferograms. At the
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RARAF microbeam endstation, a 4-frame algorithm (52, 49), introduced earlier in this Chapter,

has been implemented. The phase shift is incremented by g at each step. The equations take the

following form

Lx,y) =1'(x,y) +1"(x,y) cos p(x,y)
Lx,y) =1I'(x,y) = 1" (x,y) sinp(x,y)
L,y) =1'(x,y) = 1"(x,y) cos p(x,y)
L(x,y) =1'(x,y) + 1" (x,y) sinp(x,y)

Solving the system for the phase ¢(x,y) would require further phase unwrapping due to the
2m ambiguities (50). Targeting cells for irradiation does not require information about the
vertical profile of the sample. Thus, to determine the coordinates of the cells in the x-y plane we
can solve the system for the intensity modulation I''(x,y) and avoid the need for phase
unwrapping. Subtracting the third equation from the first and the second from fourth and then

adding up squares of both sides of the resulting equations, we obtain the intensity modulation as

1
I"(x,y) = 5\/(11(96,)/) —I3(x,¥))? = (L(x,y) — L(x, ¥))?

This algorithm was implemented using Visual Basic and Matrox Imaging Library.
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Chapter 4 Immersion Mirau Interferometry

4.1 Introduction

In response to the request of the RARAF users for a no-stain, non-UV imaging modality,
Mirau interferometry was implemented for imaging of live cells during radiobiological
experiments. The Mirau-type interferometer was chosen for its compactness, simplicity of
alignment and operation and other qualities described in the previous Chapter. Mirau
interferometric attachment is mounted onto an objective lens of a microscope that uses epi-
illumination. The interferometer consists of a beam-splitter and a reference mirror parallel to
each other. Part of the light, reflected off the beam-splitter, is directed to the reference mirror and
back to the objective. Part of the light, transmitted through the beam-splitter, goes towards the
sample and back. When the test and reference beams recombine, they form an interferogram on a

Sensor.

The data are collected according to the principles of phase-shifting interferometry (PSI). The
microscope stage is moved vertically by sub-wavelength height increments; inteferograms with
different phase shifts between the test and reference beams are collected, sent to the computer

and processed to reconstruct the topographical image of the sample.

In the early experiments a commercial interferometric attachment was used. Commonly, a
Mirau interferometer is used for surface testing. Applying Mirau interferometry for cell imaging
requires some modifications specific for the environment. In this development we have
progressed through several stages, from using a commercial Mirau attachment in air to using it
with medium to building a custom immersion Mirau interferometer. Based on this work, we have

developed Immersion Mirau Interferometry. This Chapter describes the transition to the
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immersion mode of imaging, the limitations of using a commercial Mirau interferometer for
imaging of live cells and the design and production of the custom immersion Mirau

interferometric attachment.

4.2 Development of the Immersion Mirau Interferometry

4.2.1 Transition to the immersion mode

Initially, the commercial interferometer was tested without modifications in the environment,
reproducing a microbeam irradiation experiment. Under the standard microbeam irradiation
protocol, the growth medium in which the cells are plated and stained is aspirated from the dish
just prior to mounting the dish at the irradiation station. However, a thin layer of medium
remains over the wet cells and the substrate (Figure 4.1a). During the experiment, the liquid
continues to evaporate. This presents the following difficulties which made this imaging
approach non-viable. First, because of the high vertical resolution of the technique the
evaporation causes the fringe pattern to change rapidly enough so that the fringes move during
interferogram acquisition. Second, the cell growth medium contains various salts (e.g., sodium
bicarbonate, sodium chloride, potassium chloride etc.) which stay on the surface of the substrate
after the water evaporates and form crystalline structures (32). These structures complicate

automatic identification of the cells in the image.

It was decided to leave a layer of medium a few millimeters thick in the dish to overcome the
evaporation issues. Leaving the medium in the dish also simplifies the experimental protocol and
improves cell viability, thus allowing for more accurate results from irradiation experiments. To
avoid losing part of the test wavefront at the interface between the medium and the neighboring

air, the front of the attachment needs to be submerged (Figure 4.1b). The drawback of this
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arrangement is the difference in the optical path lengths introduced by the medium. Because of a
significant difference in the indices of refraction of the medium and air (Nmegium/Nair= 1.33), after
the test beam passes through the medium towards the sample and back to the objective the path
length will increase by 660 um per each millimeter of medium. However, to ensure interference
conditions, the path length difference needs to be within the coherence length. The coherence

length is a propagation distance over which the ability of two beams to interfere decreases

2
significantly. It is calculated as [, = iln 2 X i_a and is equal to 5.1 pum for the illumination filter

with 25 nm band-pass that we used for Mirau interferometry. Moreover, since the test beam
changes direction when entering the denser medium, the refracted test beam shifts with respect to
reflected reference beam and it is not possible to adjust the path lengths so that interferometry is
fully restored. To ensure that the test and reference paths are identical, we decided to fill all of
the space between the sample and the reference mirror, which includes the inner space of the
interferometric attachment, with cell medium (Figure 4.1c). This novel modification of Mirau

interferometry was named Immersion Mirau Interferometry (IMI).

Objective Objective

Objective

Reference f
mirror f

f
E ref
\/ \/Beamsplitter
3 / |
E

test

Reference
mirror f

Figure 4.1 Operation of the Mirau Interferometer in the presence of liquid: a) a layer of medium
remains in the dish after aspiration; b) immersing the front window of the interferometer
eliminates image distortions caused by evaporation; c) to equalize the test and reference paths,
the inner space of the attachment is also filled with liquid.
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4.2.2 Experiments with water-filled commercial attachment

To confirm the principles of Immersion Mirau Interferometry, the commercial
interferometric attachment was modified to be used in the immersion mode. Two silicon gaskets
were added to retain the liquid inside the device between the beamsplitter and the window with
the reference mirror (Figure 4.2). Stained live human fibroblast cells were first imaged using the
Mirau interferometric attachment and a neutral microscope cube and then immediately using a
fluorescent cube, for comparison. The cells were stained with the Hoechst stain that binds to
DNA, so the nuclear material of a cell can be visualized. The cells were kept in PBS (Phosphate
Buffered Saline) at the time of imaging. The modified attachment was filled with the same

solution and immersed into the liquid in the dish.

Figure 4.2 Silicon gaskets (left pane) were placed along the inside and the outside
circumferences of the beam-splitter rotation disk (right pane) to seal the space between the beam-
splitting surfaces and the window with the spot mirror.

A mercury vapor lamp was used for illumination. The microscope filter cube (model 21000,
Omega Optical Inc., Brattleboro, VT) contains a 540/25 illumination filter (A=540 nm, AA=25

nm) and a 50/50 neutral density beamsplitter. The filter with 25 nm bandwidth provides light of

2
low coherence for illumination. The coherence length is [, = glnz X % = 5.1 um. This low
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coherence value was chosen to avoid stray reflections and unwanted fringing (64). Four-frame
algorithm was used to acquire necessary data. The Nano-LP200 nano-positioner from Mad City
Labs, was used to move the sample vertically by quarter-wavelength steps (135 nm). The
interference patterns were detected by PULNiX CCD camera and processed to reconstruct the
image. The custom Mirau image reconstruction software was written in Microsoft Visual Basic
using Matrox Imaging Library (MIL, Matrox Imaging, Dorval, Quebec, Canada). The
reconstruction procedure is described in Chapter 3. After each set of interferograms had been
obtained, the cube was switched to allow fluorescent imaging. The excitation filter of the XF06
fluorescent cube (Omega Optical, Brattleboro, VT) has excitation filter at 365 nm wavelength
and emission filter at 450 nm.

An example of reconstructed IMI images obtained with the modified Leica interference

attachment are presented in Figure 4.3a alongside a fluorescent image of the same cells (Figure

4.3b).

Figure 4.3 a) Live human dermal fibroblast cells imaged with Immersion Mirau Interferometry;
b) same cells imaged using fluorescent staining. Courtesy of Greg Ross.
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4.2.3 Limitations of using a commercial interferometer

Figure 4.4 The commercial Leica interferometer shown
upturned. The window recesses in the rotator disk are filled
with water prior to the experiment to prevent trapping air
in the test arm.

Despite some success in the
proof-of-principle experiments the
use of the commercial attachment
that was designed for “dry”
imaging of solid surfaces is limited.
First, with the leak-proof gaskets,
the  beamsplitters are  not
interchangeable. To select a
beamsplitter with a different
reflectivity, one needs to re-fill and
re-assemble the device. Second, the
beamsplitter coatings are not

protected against the medium and

are prone to corrosion from components in the liquid medium. Third, each beamsplitter window

is located in a recess at the bottom of the rotating disk. When the attachment is submerged, a

bubble of air can be captured in the recess and destroy interference. To avoid this, we filled the

recess with a drop of water each time before mounting the objective as shown in Figure 4.4.

Finally, the adjustment screws hit the walls of the cell-sample dish and prevent focusing unless

the dish is modified. To use IMI on a routine basis, a custom Mirau interfereometric attachment

was required.
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4.3 Fabrication of a custom Immersion Mirau interferometric

attachment

The custom immersion Mirau interferometric attachment was designed and built in-house to
facilitate interferometric imaging of live cells while the optics is submerged into a Petri dish with
specimen and cell medium. The new interferometer resolves the difficulties we encountered with
its commercial counterpart: leakage, proneness to corrosion and difficulties with loading the
attachment into the microbeam dish. The new attachment can be easily disassembled and re-

filled.

4.3.1 Description

The design of the custom immersion-based Mirau attachment is presented in Figure 4.5. The
apparatus consists of a body comprising a ball-and-socket mechanism and optics holders for the
two windows containing the beamsplitter and the spot mirror. The ball-and-socket mechanism
with springs and adjustable lever posts facilitates adjustment of inclination of the reference
mirror and of the beamsplitter with respect to the sample plane. The shape of the attachment
body is designed to fit into the microbeam dish (Figure 4.6). The surface of the attachment body
is anodized to prevent chemical interaction with the cell medium. The interferometer is
mountable onto the threaded Leica objective. The interferometric attachment was built at the
Design and Instrument shop of the Center for Radiological Research at Columbia University

Medical Center by Gary Johnson.
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Figure 4.5 Design drawing of the custom interferometric attachment: 1 — attachment body, 2 —
optics holders, 3 — beamsplitter, 4 — spot mirror, 5 — adjustment screw, 6 — spring.

4.3.2 Requirements and specifications
4.3.2.1 Precision windows

To enable interferometry, high precision optics is needed. Specifically, we were looking for
windows that upon transmission or reflection would not distort the incident wavefront by more
than few tens of nanometers which constitutes 1/20 to 1/10 of the wavelength. The specifications
used in optics to describe the accuracy of the glass surface are flatness, parallelism and surface

quality. These concepts are illustrated on Figure 4.7.
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Figure 4.6 Custom-built immersion Mirau interferometric attachment. a) Assembled attachment
with the Leica microscope objective. Two adjustment screws regulate the inclination of the
optics with respect to the sample. The aluminum surface is anodized to protect corrosion by the
medium. Also attached to the objective is the holder for a capacitive sensor for measuring the
position of the attachment with respect to the stage; this will be discussed in the next chapter. b)
The interferometric attachment positioned on a microscope objective at the microbeam
endstation (shown not focused on the sample). The shape is designed to fit the microbeam dish.
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Surface flatness measures the deviation of the manufactured surface from an ideal surface. It
affects the optical path of the wavefront. Surface flatness is evaluated by placing a transparent
reference optical flat (test plate) against the part under inspection and observing interference
occurring in the space between them. Its value is expressed in units of the wavelength of the
testing source. The surface flatness of the glass, manufactured to be used for the windows of the
immersion Mirau interferometer was A/20 (A =540 nm) which is considered a high precision
grade. The phase of the wave, reflected off the surface with this flatness, would change by no

more than one-tenth of the 2.

Another specification that indicates how the

Flatness . e :
optical path of the incident wavefront will be affected
L a is parallelism — the tolerance on the angle between the
I I two surfaces of the window. Variations in thickness
Parallelism across the plate would result in difference in optical

paths and in phase variations of the transmitted

r
Surface quality

wavefront. This parameter was set to 1 arc sec. The

maximum difference in optical paths for light passing

I L ™ Yt I

through different points of the window would be 17-

Figure 4.7 Optical specifications of 20 nm.
glass.

The surface quality or “scratch-dig” number of the windows used for the attachment is 20/10.
The scratch-dig number refers to the allowable imperfections caused by, respectively, scratches
and digs. The first number is the maximum apparent width of a scratch measured in tenths of a
micrometer, and the second number is the maximum diameter of a dig in hundredths of a

millimeter. The surface quality 80/50 indicates that glass of this quality can be used for
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commercial applications; glass of 60/40 and 40/20 is typically used for general optical
applications and surface quality specifications of 20/10 and 10/5 are recommended for precision
optical applications, such as interferometry. Considering the relatively small dimensions of the
windows required for our application (8 mm diameter and 1 mm thickness), the surface quality

of 10/5 was hardly achievable. Thus, the surface quality of 20/10 was chosen.

4.3.2.2 Windows material

We used custom fused silica windows. Fused silica has a number of advantages over other
materials, which are important for our application: high chemical stability, a high degree of
purity, excellent optical transparency and mechanical durability. The windows were custom-

manufactured by The Optical Corporation (Oxnard, CA).

4.3.2.3 Coatings

The reflectance value of the beam-splitting surface should be adjusted so that the intensities
of the interfering test and reference beams are approximately equal. To facilitate imaging of a
variety of samples, the beamsplitters with different reflectances are needed. Different values of
reflectance can be achieved using different coatings. The coatings were completed by Navitar
Coating Labs (Newport Beach, CA). Each beam-splitter coating is a composition of TiO, and
SiO, and has a protection layer of SiO, to prevent chemical interaction of the coating with the
cell medium. Similarly to the commercial attachment, four interchangeable optics holders were
built with 5%, 25%, 50% and 85% reflectance beam splitters (Figure 4.8). The mirrors are made
of pure aluminum and coated with SiO,. There is an antireflection layer consisting of CeF3, HfO,
and MgF, on the top surface of each window with the spot mirror, which is not in contact with

the medium, to limit stray reflections. The space between a mirror holder and a beamsplitter
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holder can be filled with liquid; then each pair of holders is sealed with an O-ring and tightly

fastened together with screws. Each unit can be easily disassembled, cleaned and re-filled.

Figure 4.8 Custom interferometric attachment, top view: a small spot mirror can be seen in the
middle of the top window inside the device. Next to the attachment is one of the additional
optics holders with different reflectance value. The optics holders are interchangeable.

4.4 Results of IMI

Figure 4.9 shows an example of an image produced by IMI using our custom-built
immersion Mirau interferometric attachment. Fibroblast cells were grown on thin mica substrates
attached to the bottom of the well of a microbeam dish. The unstained live cells were submerged
in PBS (Phosphate Buffered Saline). The outlines of the cytoplasm and nuclei are

distinguishable.

When the apparatus was installed at the microbeam endstation, the image quality was

degraded when a sample was imaged in air and in the immersion mode the interference was not
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observable. As described in the next Chapter, this was found to be due to ambient vibrations.
This problem was resolved with the development of a vibration-independent imaging technique,

a spin-off of IMI, described in Chapter 6.

At the time of acquiring the image in Figure 4.9 the experiments were done on a vibration-
isolated table. As with the commercial interferometer, the microscope filter cube with a 50/50
neutral density dichroic mirror and a 540/25 excitation filter was used (model 21000, Omega
Optical). The sample was illuminated with the X-Cite 120 Series light source (EXFO, Life
Sciences & Industrial division, Mississauga, Ontario, Canada). A high-precision stage
(MicroStage combined with a Nano-Z Series, MadCity Labs, Madison, WI, USA) was installed
to a Nikon FN1 fluorescence microscope (Nikon USA, Melville, NY, USA). The stage was
controlled through custom software written in LabView (National Instruments Corporation,
Austin, TX), called from the Mirau
Interferometry software written in
Visual Basic (Micorsoft), described
earlier. Four-inteferogram method was

used for acquiring data.

Figure 4.9 Unstained live fibroblast cells imaged with
IMI.
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Chapter 5 Motivation for simultaneous imaging

5.1 Introduction

Immersion Mirau Interferometry (IMI) described in the previous Chapter has been
implemented at the RARAF microbeam endstation as a non-invasive way of targeting live cells
during microbeam irradiation. A custom immersion Mirau interferometric attachment was

designed and built that can be submerged and filled out with liquid.

Phase-Shifting Interferometry (PSI) is used as a data acquisition technique. The sample is
moved vertically by sub-wavelength steps, which creates different phase shifts between the test
and reference beams. Four interference patterns with different phase shifts are recorded and,
combined, result in a morphological image of the sample. A disadvantage of PSI is that it is

prone to vibrations because of its sensitivity to the vertical position of the sample.

This Chapter discusses the vibration issue we faced while implementing IMI at the

microbeam endstation and describes the approaches that were attempted to resolve this issue.

5.2 Sensitivity to ambient vibrations

Immersion Mirau Interferometry uses temporal phase shifting. This means that interference
patterns with different phase values are acquired at different times. If vibrations exist, the phase
shifts between consecutive frames are perturbed from the desired values. Due to very high
vertical resolution of interferometric imaging, even fraction-of-a-wavelength shifts in the vertical
direction reduce the image quality and the image of the specimen cannot be properly

reconstructed. Thus, the IMI system is extremely sensitive to vertical vibrations.
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Experiments with IMI at the microbeam endstation revealed that, although the microbeam

endstation is mounted on a 5” thick table top that is located on the 27” thick concrete floor,

unpredictable ambient vibrations are present at the site. These vibrations introduce motion of the

microscope stage in all directions. The amplitude of these vibrations is low enough so that they
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Figure 5.1 Locations of collection of
the vibrational spectra along the beam
line.

do not affect any other microbeam functionalities, but
they do present a problem for IMI. The vibrations are
further amplified by the polypropylene membrane of
the microbeam dish bottom — similar to the action of a

drumhead.

In an attempt to identify and possibly isolate the
source of vibrations, two series of measurements have
been performed: one by the RARAF personnel and
another by Halcyonics, Inc. (Menlo Park, CA), a
company, specializing in production of vibration

isolation systems.

We used a high-sensitivity accelerometer (High
Output Seismic Accelerometer, model 1030, Vibra-
Metrics Inc, Hamden, CT) and an oscilloscope
(Infiniium  54833A, Agilent Technologies Inc.,
Englewood, CO). The accelerometer contains
piezoelectric  material that produces voltage

proportional to acceleration. Measurements were
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performed at various locations in the accelerator area (on the floor, the 90° magnet stand and
along the beam pipe above the magnet, shown in Figure 5.1) and in the Microbeam room
(various points of the floor, microscope table, epifluorescent attachment of the microscope and
the coarse and fine stages, Figure 5.2). Vibrations in the vertical direction were detected at the
following frequencies: 20, 60, 80, 120, 200, 320 and 395 Hz. Additionally, frequencies of 30 to

50 Hz were detected at the microscope, fine stage, on the floor near the beam pipe and in

horizontal direction on the beam pipe.

Door
w -
© Freezer Sink *
<
° \ *
Microbeamtable
Refrigerator Oftine || PR L2SEr AT Electronics
microscope =l
table ) ¢
* Outlet on *F \ . Microscope *
% the floor recision
= stage . o
jak]
§ =)
) 2
Clean bench Incubator _ b
Cabinets

Figure 5.2 Floorplan of the microbeam laboratory with the locations of collection of the
vibrational spectra.

For a complete picture, a vibration survey of the site was requested. The survey was carried
out by a company specializing in production of vibration isolation systems (Halcyonics, Inc.,

Menlo Park, CA). To detect vibrations, a 3-axis Herzan VA-2 acceleration sensor was used with
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the frequency range of 1 Hz to 1000 Hz and accuracy of +/-5% (65). The survey covered the
same areas in the accelerator room and the microbeam room. Selected vibrational spectra
recorded along the beamline and at the microbeam endstation are shown in Figure 5.3.
Vibrational spectra were similar at all locations. The prominent frequencies recorded are shown
in Table 5.1. The vertical displacement reaches tens of nanometers over a broad range of
frequencies for the fine and coarse stages, beam pipe, as well as other locations. Amplified by
the dish bottom, the displacement is of the order of the wavelength. The horizontal displacements
exceed 100 nm at select frequencies. The horizontal displacements are less critical for

interferometry.

The amplitude of the measured vibrations is rather small for a building; in fact, the
Halcyonics representative stated that he had never seen a facility with vibrations that small.
However, they are still too high for interferometry, especially when the imaged cells are plated
on thin films. Despite all the efforts, it was not possible to localize the exact source of the

vibrations. The vibrations were still present with all the equipment turned off.

Table 5.1 The frequencies of the prominent peaks in the spectra of vertical vibrations.

0-10 Hz 11-30 Hz 31-120 Hz Over 120 Hz

Measured by the 50", 60, 80, 120

RARAF personnel 20, 30" Hz N 200, 320, 395 Hz
Measured by 10.8,12.5-13.7, 37,47,57-58, 73,  170-190", 390
Halcyonics Inc 7.8Hz 18.0-18.5, 22-23, 77,108, 115 Hz Hz
y : 27-29, 30 Hz » 10,
Nanostage 13 Hz 18,22.30Hz 47,57, 77, 108 Hz

“microscope, fine stage, floor near the beam pipe
magnet stand and microbeam table
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Figure 5.3 Measured vibration profile (vertical displacement) of various components of the
microbeam.

5.3 Efforts to overcome vibrations

5.3.1 Passive and active vibration isolation of the workstation

5.3.1.1 Passive isolation with shock-absorbing material and wooden wedges

Both the measurements performed by the RARAF personnel and the vibrational survey
performed by an outside company clearly identified that both the beamline and the endstation
components of the microbeam system are coupled in terms of vibrations. In order to maintain our

high ion-beam targeting precision, the imaging system cannot be decoupled from the beam pipe.

We have tried a variety of active and passive vibration reduction techniques. One passive
isolation technique was to isolate the microscope stand from the table with layers of shock-
absorbing material called Sorbothane (Edmund Optics, Barrington, NJ). We used one to eight
1/8” thick sheets (Figure 5.4). Measurements with accelerometer showed no reduction in
amplitude or change in frequencies when isolation was used compared to the measurements

without isolation.

In another experiment, we attempted to reduce the amount of vibrations, transmitted to the
microscope stage from the beam line. Among all of the measured vibrational spectra, the
vibrations of the beam pipe have the highest amplitude in all directions. The possible reason is
that the beam pipe is not fixed along its length. To reduce the amplitude of the beam pipe
vibrations and, possibly, the vibrations transmitted to the microscope stage, we secured the beam

pipe with wooden wedges at the point where it enters the concrete between the floors (Figure
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5.5). As in the experiment with Sorbothane, there were no changes in characteristics of

vibrations.

-
]

| _\|\_
i)

T,
E g I -
= \

Sorbothane

Figure 5.4 Passive vibration isolation test: layers of shock-absorbing material (Sorbothane) were
placed between the microscope stands and the microscope stage and between the tripod and the
table. No vibration reduction was observed.
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Figure 5.5 Passive isolation test: to reduce the vibrational amplitude of the beamline, wooden
wedges were placed between the beamline and the walls of the hole through which the beamline
passes. No vibration reduction was observed.

5.3.1.2 Active vibration isolation system

The Vario Basic-60 system was loaned to RARAF by Halcyonics, Inc. The Vario Basic
system consists of two isolation elements and an external control unit. The isolation technology
is based on piezoelectric-type acceleration pickup. The isolation was tested in an off-line position
of the microscope, i.e. the microscope was turned away from the beam line exit. The microscope
was mounted on top of an aluminum platform that was made in-house (Figure 5.6). The platform
was designed to a) accommodate the microscope and the stage with mount points located at
different heights on the flat top surface of the isolation units; b) evenly distribute the weight of
the microscope along the length of the units and c) adjust the vertical position of the microscope
to the level of its on-line position on top of the beam line. The mount at the pivot point was
disconnected from the tripod so that there was no contact between the microscope and the other

parts of the workstation. The operation of the system under test is shown in Figure 5.7.
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Figure 5.6 Schematic drawing of the microscope positioned on top of the Vario Basic-60
vibration isolation units (side view, only one unit can be seen). The microscope is mounted using
a supporting platform, designed to accommodate the microscope on the flat top surface of the
isolation units and to distribute its weight. The back end of the microscope was elevated so that it
was not in contact with the supporting tripod.
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Figure 5.7 Testing of the active vibration isolation of the microscope using the Vario Basic-60
units. The microscope, in its off-line position, is mounted on the platform placed on top of the
vibration isolation units. In the foreground is the beam line chamber; the live video of
interference fringes can be seen on the monitor in the background.

Spectra of vertical vibrations were taken with the isolation system turned “on” and “off”
using the accelerometer positioned at the following locations: microscope stage, stage mounting
platform, the platform supporting the microscope on top of the isolation units, and the top of the
microscope. Approximately 50% reduction in the displacement amplitude was observed for the
frequencies in the vicinity of 30 Hz; the reduction was greater at locations with lower height and
smaller at higher locations, for example, the top of the microscope. There was no noticeable

change in the amplitude of vibrations at other frequencies. During the tests, the Mirau
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interferometric attachment was mounted onto the objective and live video of the interference
pattern was observed on a TV monitor (top right of Figure 5.7). The visual observations were
repeated both with and without isolation, also with an air-filled and a liquid-filled IMI
attachment. For the air-filled attachment, the fringe motion was substantially reduced when the
isolation was used. However, in the immersion mode, although the performance of the isolation
system was the same, the visible effect of isolation was smaller — the vibrational amplitude of the
liquid-loaded polypropylene bottom of the dish was noticeably higher than that for an empty

dish, which was observed from the fringe motion, and still too high for performing PSI.

5.3.2 Feedback loop compensation

Another approach was to build a feedback loop to reduce vibrations by adding an out-of-
phase vibrational mode. Information about the position of the fine stage at a given moment
would be used as an input for the position correction mechanism and the signal would be fed

back into the stage drive. To provide an input signal we used a capacitive sensor.

A capacitive sensor is a non-contact probe that forms a parallel plate capacitor with the
surface under measurement. The sensor face surface forms one plate of the capacitor and the
target surface forms the other plate (66). Its capacitance is inversely proportional of the distance
from the sensor plate to the sample d:

c eA
=
where ¢ is permittivity of the material (air) and A is the area of the sensor plate. A capacitive
measurement system evaluates the impedance of the capacitor formed by the sensor and the

target, which is inversely proportional to its capacitance and thus proportional to the distance:
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w — frequency of the signal used for measurement. The measured impedance is converted into a

linear voltage output.

A PID (proportional-integral-derivative) controller is a mechanism to provide a feedback to a
system with a variable parameter so that the value of the parameter approaches a desired value
(setpoint). The feedback signal consists of three terms: proportional, integral and derivative of

the error (difference between the current measured value and the setpoint):

t

u(t) = Kye(t) + Kif e(tydt + Kd%e(t),

0
where K, K; and K, are proportional, integral and derivative gain parameters and e(t) is the
measured error. The proportional term constitutes most of the control signal; the integral term

compensates for accumulated error and the derivative term improves immediate response (67).

The schematic of the designed feedback loop is shown in Figure 5.8. A capacitive sensor,
attached to the objective lens, measures the position of the stage with respect to the objective.
The sensor supplies an analog signal to a PID-controller which provides a processed signal to the

Nano-Drive creating a closed loop to correct the stage position.
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Capacitive sensor
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PID controller
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Stage feedback control loop

Figure 5.8 Feedback loop designed to correct the position of the fine stage with respect to the
interferometer: a capacitive sensor attached to the objective measures the deviation of the stage
position from the set value provided by the computer; the signal is sent to the PID controller and
processed; the resulting compensation signal is supplied to the analog input of the Nano-Drive
stage controller.

The capacitive sensor (ISP-5-ILR) along with an amplifier (Accumeasure 9000) was
purchased from MTI Instruments Inc. (Albany, NY). The system has a resolution of 6 nm and a
range of 127 um. A sensor holder (see Figure 4.6) that mounts the sensor firmly onto the

objective lens was designed and made in-house.

A Dbreadboard PID controller was built in-house using operational amplifiers. The integral
term was supplied by an offset on the capacitive sensor amplifier control. The effect of the

derivative and proportional components as well as of their sum was initially tested using the
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signal from a waveform generator as input (Figure 5.9). The phase shift between the input of the
circuit and measured output varied from 83° to 100° for the frequencies up to 40 Hz, i.e., was
relatively close to the desired value of 90°; however, it increased with the frequency in the entire
range of the tested frequencies (10-130 Hz). Similarly, the gain increased with the frequency of
the input signal: from 170-396 at 1-60 Hz to 680-1430 at 80-660. The controller helped to reduce

the low-frequency vibrations; however the high-frequency modes were amplified.

140
130 -

120 /
100 -
90

: iV

50 A

40 100
10 100 1 10 100 1000
Input Frequency, Hz Input frequency, Hz

1000

o

-
-
o

Phase shift,
Gain

Figure 5.9 The phase shift and the signal gain produced by the breadboard PID circuit built
using the capacitive sensor and operational amplifiers to correct the position of the nano-stage.

During these experiments it was observed that there is a phase delay between the input of the
Nano-Drive (output of PID controller) and the output of the Nano-Drive (input of the stage). This
phase delay increases with the frequency of the Nano-Drive input signal, i.e. the response of the
Nano-Drive is not fast enough to allow the controller to correct the stage position (Figure 5.10).
The amplitude of the output signal, in turn, has a plateau for input frequencies of up to 30-40 Hz

and drops at higher frequencies.
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Figure 5.10 Frequency response of the Nano-Drive: the phase shift between the input and output
signals (left) and the amplitude of the output signal (right).

In communications with Mad City Labs and upon opening and examining the internal circuit
of the Nano-Drive, it was determined that the Nano-Drive has its own internal PID controller.
Running an external controller in a closed loop with the internal controller of the Nano-Drive
creates a conflict between them. The internal controller has to be used in an open-loop mode in
the presence of the external controller. Unfortunately, the design of the presently used model of
the Nano-Drive does not allow altering the settings of the internal PID or to run the internal

circuit of the Nano-Drive controller in an open-loop mode.

To avoid the conflict between the internal and external PID’s, we considered and discussed
with industry specialists several alternative options of the stage feedback control; all of them

were rejected for the following reasons:

e Using the capacitive sensor with the internal PID controller of Nano-Drive — would
require tuning the internal PID controller, which was not allowed by the design of the
nano-stage;

e Using the internal stage sensor with the internal Nano-Drive PID controller — this

option would also require tuning of the internal PID, which was not possible;
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e Newer model of the Nano-Drive — after consultation with the manufacturer we
believed the device would not be fast enough for the measured frequencies; besides,
this option would have been quite expensive.

While the vibration issue was being investigated, the work on Immersion Mirau

Interferometry, described in Chapter 4 continued offline on a vibration-isolated workstation.
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Chapter 6 Simultaneous Immersion-Mirau Interferometry

6.1 Introduction

Immersion Mirau Interferometry (IMI) has been developed to address the concerns of
researchers in the radiobiological field that fluorescent staining or UV light may alter cellular
response to irradiation. IMI does not require fluorescent labeling or UV illumination of the
specimen and also allows imaging of biological targets which are in medium.

While the experiments on IMI were underway it was discovered that the interferometric
imaging at the microbeam workstation is confounded by ambient vibrations. The vibrational
amplitude is very low for a laboratory environment, and these vibrations do not affect other
microbeam operations. However, they cause significant decrease in the image quality of IMI
because different interference images used to create the interferogram are acquired at different
times within the vibration cycle.

A solution to the problem of vibrations is to acquire all interference patterns at the same time
in an approach we call Simultaneous Immersion Mirau Interferometry (SIMI). The Immersion
Mirau interferometric attachment is integrated with polarization optics to encode multiple phase
shifts in a single light beam. Components with different polarizations, leaving the interferometer,
are then separated to create phase-shifted interferograms. Since all the interference images are
taken simultaneously, this technique is insensitive to vibrations.

This Chapter discusses the development of SIMI. We will begin with a theoretical overview
of polarization optics, describe the implementation of polarization optics in our application and
analyze the transformations of the light polarization components in the developed device using

Jones matrices. Next, we will describe the required specifications for production of the
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polarization optical components that would be integrated with the immersion Mirau
interferometer. Finally, we will demonstrate the results produced by the preliminary non-

immersion setup and by the final SIMI configuration for imaging in the immersion mode.

6.2 Application of polarization optics for vibration-independent
imaging
6.2.1 Theoretical background

The electric vector of light oscillates in the plane perpendicular to the direction of

: : - (E
propagation. The components of the field vector E=(Ex

) can be represented by
y

E, = a,cos(t + &)

E, =a, COS(‘L’ + Sy),

where T = wt — kz is the variable part of the phase factor (48, 68). The mutually perpendicular
components of the field vector are called polarization components and the property of light
describing the direction of oscillations of the field vector is called polarization. Elimination of t

from the above equations gives

E~N?2 (E)\° E.E
(_x) + (—y> —2—=—2cos§ = sin?§,
ax ay ax ay

where § = 6,, — §,.. The last equation is the equation of an ellipse (Figure 6.1) which is called
the polarization ellipse. It is inscribed in a rectangle with sides of lengths 2a, and 2a,, parallel to

the x and y axes. The angle i between the x-axis and the major axis of the ellipse can be

calculated using the formula:
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2aya,
tan2y = — 5 COS 6.
az —a;

If the field vector of an electromagnetic wave circumscribes an ellipse as the wave

propagates, the wave is said to be elliptically polarized.

—.
1

-~
/A l,[f

>
X
y

Figure 6.1 Polarization ellipse.

In special cases, the polarization takes degenerate forms.
a) Linear polarization.

If 6, =6, +mm, m=0,%1,%2, .., then

2o 2,
X ax

the polarization ellipse reduces to a straight line and the wave is said to be linearly
polarized (Figure 6.2).

If a, = 0 ora, = 0, the polarization components become

E,=0
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E, =a, cos(r + Sy)
or
E, = a, cos(t + 5,)
E, =0.
The field vector oscillates along the y or x axis respectively and the wave is called

linear vertically polarized or linear horizontally polarized.

Figure 6.2 Formation of a linearly-polarized wave when the polarization components oscillate
in-phase.

b) Circular polarization.
Ifa, =a,=aand§ =6, — 6, = % m = +1,+3, 15, ..., then the polarization
ellipse reduces to a circle with the equation
E; + Ej = a®
Such light is called circularly polarized.

For a right-handed circularly polarized wave (Figure 6.3a), sind > 0, i.e.

T
0= 5 + 2mm, m=0,+1,+2,...
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E, =acos(t+4,),

I
Eyzacos(‘r+6x+—

2) = —asin(t + J,).

When the wave is left-handed circularly polarized (Figure 6.3b), sind < 0, i.e.
T
0= _§+ 2mn, m=0,+1,+2,..
E, =acos(t+6,),
T
E, = acos (T + 6, — E) = asin(t + §,).

In the complex representation,

By _ % i) _ % s
Ex ax ax

The type of polarization can be deduced from this ratio. For linearly polarized light, if § = mm,

m=0,+1,%2,...

&

y ay
2= (-2,
Ex ax

For right-handed circularly polarized light, when a,, = a,, 8§ = g

I3

Y —in/2 _

—=e —i.
Ex

For left-handed circularly polarized light, when a, = a,,6 = —g,

2 = elm/2 =,
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Figure 6.3 The electric vector of right-handed (a) and left-handed (b) circularly polarized light.

Polarization optical elements are optical elements that modify the polarization state of a light
beam (68). Examples of polarization optical elements are polarizers, polarization beam-splitters

and waveplates, or retarders.

A polarizer is an optical element that transmits light of certain polarization independently of
the polarization state of the incident light. The light not transmitted is absorbed, reflected or

refracted.

With respect to the reflecting surface, the components of light can be referred to as s- and p-
polarization components (Figure 6.4). The plane of incidence is the plane formed by the direction
of the light propagation and the vector, normal to the reflecting surface. The light component
parallel to the plane of incidence is called p-component and the component normal to the plane

of incidence is called s-component.
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Figure 6.4 The polarization components of light incident to a surface are denoted with respect to
the plane of incidence: p-polarization is parallel and s-polarization is perpendicular to the plane
of incidence.

A polarization beam-splitter is an optical element that separates the s- and p-polarization

components by reflecting the s-component.

Optical crystals may exhibit isotropic or anisotropic properties. Isotropic crystals exhibit the
same crystallographic properties in three mutually orthogonal directions (48). Anisotropic
uniaxial crystals have two or more crystallographically equivalent directions in one plane while
the direction, perpendicular to this plane, possesses different properties. Another group of
anisotropic crystals are crystals in which no two mutually orthogonal directions are
crystallographically equivalent. Such crystals are called biaxial. When light enters an anisotropic

crystal it is refracted into two rays with orthogonal polarizations and propagating with different
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velocities. The phenomenon of double refraction of light in anisotropic crystals is called

birefringence.

A beam-displacer is a uniaxial birefringent crystal that separates the input beam into two
orthogonally polarized beams (similarly to polarization beam-splitters) with the output beams
being parallel to each other (69). The principle of light propagation in a beam-displacer is

illustrated in Figure 6.5.

Extraordinary ray —
Il

7 Ordinary ray

Figure 6.5 Polarization beam displacer. ®, — the angle of separation between the ordinary and
extraordinary rays; ¢ — the angle between the normal to the refracting surface and the optical axis
of the crystal.

If the direction of light propagation through a birefringent crystal is perpendicular to the
crystal’s axis, then the component with oscillations along the axis is delayed with respect to the

other component. An optical plate with this property is called a waveplate.

6.2.2 Principles of operation

The fundamental idea of simultaneous interferometric imaging is to use the interferometer in
conjunction with polarization optics to encode multiple phase shifts in the components of a

single beam (70, 71, 60).



81

A technique for simultaneous acquisition of four phase-shifted interferograms is described by
Brock et al. (71). The system described uses a Twyman-Green interferometer and light from a
laser linearly polarized at a 45° angle with respect to the x- and y- axes (Figure 6.6). A dielectric
beam-splitter reflects part of the beam to the reference arm and transmits part of the light to the
test arm. The reference path contains a A/8 waveplate with its axis oriented along the x-axis so
that after light passes through the waveplate twice, there is a w/2 phase shift between the x and y
components of the reference beam. Thus, when the part of the test beam, reflected from the
dielectric, is combined with the part of the reference beam transmitted through the dielectric,
there is a n/2 phase difference between the two interferograms formed by the x and y
components of the test and the reference beam. The x- and y-components of both test and
reference beams are separated by a polarization beam splitter located at one of the two light paths
exiting the dielectric beam splitter. The phase-shifted interferograms are formed at two separate
sensors. The other two interferograms are formed by the part of the test beam, transmitted
through the dielectric beam splitter, and the part of the reference beam, reflected from the
dielectric beam-splitter. Due to the property of light reflection from a high index medium to a
low index medium and vice versa there is a phase difference of = between the interferograms on
the first two sensors and the other two sensors. This arrangement allows detection of four phase-

shifted interferograms simultaneously.
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Figure 6.6 Simultaneous Twyman-Green interferometer. Reproduced from Brock, N. et. al.,
“Dynamic interferometry” Proc. SPIE 5875, 58750F-10 (2005), with permission.

We adapted this principle, with some modifications, to develop Simultaneous Immersion
Mirau Interferometry. Suppose that the incident light is linearly polarized at 45° to the x-axis. A
M8 waveplate, oriented along the x-axis can be introduced to the reference (Figure 6.7a) or test
(Figure 6.7b) arm of the Mirau interferometric attachment. The x-component of polarization of

the respective beam is delayed by 7T/4 each time the beam passes through the waveplate,
therefore the total phase delay is 7T/Z. Using a polarization beam-splitter, the x-components of

both test and reference beams can be spatially separated from the y-components. Since the x-
component of one of the beams is delayed by 7T/Z, the interference pattern, formed by the x-
component, will have fringes shifted by ¥4 of their width.

Our modifications were specific to the geometry and dimensions of the Mirau interferometer.

The geometry of the Twyman-Green interferometer with its orthogonal test and reference arms
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allows for additional splitting of the test and reference beams after they are reflected off the test
and reference surfaces. Due to the property of reflection at an interface between the media with
different indices of refraction, the second dielectric beam-splitter introduces additional phase
shift of m to the second pair of interferograms. This arrangement allows for recording four
interference patterns with different phase shifts. In the case of Mirau interferometry, the beam-
splitter plane is normal to the incident light, so this beam separation would not be feasible. Thus
encoding of only two interferograms is possible.

Another modification was caused by the relatively small size of the reference mirror (1.1-1.3
mm) of the Mirau interference attachment. If the waveplate is located in the reference arm
(Figure 6.7a), then, to avoid affecting the polarization components of both beams when they pass
through the upper window for the first time, the waveplate should be small enough so that it only
covers the area of the window directly underneath the mirror. The production of such a
waveplate would be challenging. A preferable solution is the arrangement shown in Figure 6.7b,

where the waveplate is placed in the test arm, therefore affecting only the test beam.

A schematic of the implementation of the polarization approach in Mirau interferometry is
shown in Figure 6.8. A rotatable linear polarizer (P) is placed in the output of the mercury light
source (LS) and is oriented so that the light becomes linearly polarized at a 45° angle with
respect to the x and y. A neutral beam-splitter (BS) directs the light into the objective (O) with
the mounted Mirau interferometric attachment (M). A A/8 waveplate (WP) is incorporated into
the optics of the interferometer below the beam-splitter that separates the test and reference
beams. The waveplate creates a n/2 phase difference between the x and y components of the test
beam. Therefore, the output of the interferometer contains two interferograms with a relative

phase shift of /2. A polarization beam-splitter (PBS) is placed after the Mirau attachment and
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the neutral beam-splitter to split the x and y components of both beams. The outputs of the

polarization beam-splitter form two interferograms on two separate camera sensors (C1 and C2).

Objective k_/%
Reference Reference
mirror mirror

— v &7 — A& 7 1

) Efes
1/8 waveplate at 45° re
Beamsplitter Beamsplitter

| I / |

E test Etest
Sampb b Sample

T A

Figure 6.7 Simultaneous Mirau Interferometry : a A/8 waveplate, placed in the reference (a) or
test (b) arm of the Mirau interferometer, introduces a quarter-wave phase shift to one component
of the reference or test beam. The part of the beam with a phase-shifted component is shown in
blue in each figure. Successive application of a polarization beam splitter enables separation of
interference patterns with different phase.
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Figure 6.8 Simultaneous Mirau Interferometric system: LS — light source, P — polarizer,
BS — beam-splitter, O — objective, M — Mirau interferometric attachment, WP — /8
waveplate, PBS — polarization beam-splitter, C1, C2 — cameras.

6.2.3 Analysis of the components of polarized light in the setup

6.2.3.1 Introduction to Jones matrix calculus

Phenomena involving completely polarized light can be described using Jones Matrix
calculus (72, 73, 74). This rather compact calculus was developed by R. Clark Jones in 1941
(74). 1t uses 2x1 vectors, or Maxwell columns, to describe the field components and 2x2 matrices

to describe polarizing optical elements.



The components of the electric field are represented by the column vector
E _ (Ex) _ axe%(wt+(l)x) _ axel:‘Px eiwt
Ey ayel(a)t+(py) ayeupy
The light intensity can be determined as
* * Ex 2 2
I= (Ex Ey) (Ey> =ay+ ay

The unit vectors of linearly polarized light are

Box = (o) By = ()

Linearly polarized light with angle of polarization 45° (¢, = ¢,,) is described by the vector

o= 1(1)
4,59—\/E 1
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Suppose that the light passes through an optical plate that could be a waveplate or a polarizer.

rA
Y Y
E}, ::
-1 — \
Ey’ E :\
| ! ){;
E,.
l
>
6 E X

Figure 6.9 Polarized light with field vector E passing through an optical plate with
axes x’ and y' oriented at an angle @ with respect to the x and y axes.

We can assume that the axes x" and y’ of the plate are rotated counterclockwise at an angle 6

E,
4

- E —_
with respect to the x and y axes (Figure 6.9). Let E = ( ") and E' = (E

E ) be the electric field
y

y

vectors in the laboratory frame of reference and the frame of reference associated with the axes

of the plate, respectively. E, and E,, can be expressed in terms of E,, and E,, .
Ey = Ey,cos —E,, sin6

E, = Ey,sin6 + E,, cos
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or, in matrix notation,

E=SO)F
and
E' =S Y(O)E = S(—0)E
where

__(cosf —sind
5(6) = (sin6 cos @ )

is the rotation matrix.

The components of the field E_l’) incident upon the plate and ﬁ emerging from the plate are

related in the following way:

i—znd(n 1))
_ 2 xf T !
E2x’ = Elx’e 0

iznd(n iKyr)
L r— 4
Ezy’ — E1y’e To yr Ty

where d is the thickness of the plate, 4, — free-space wavelength of the light, n,, and n,, —
indices of refraction along the plate axes and «,, and k,, — attenuation coefficients. The values of

n and k define whether the plate is a polarizer or a retarder. When the indices of refraction n are
different along different axes, and the attenuation coefficients k are the same, the plate acts as a
retarder; if the attenuation coefficients differ, while the indices of refraction are the same, the

plate has polarization properties. These equations can be re-written as
E, = NE,’

where
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.2md .
—L—O(nx,—mxr)

N=|°

is a matrix operator corresponding to the transformation of the field vector upon passing through
the optical plate. Substituting E_l’) and E_z’) with the expressions, containing EI and E; we obtain

S™1E, = NS™'E,

or

E, = S(O)NS(—0)E,

i.e., an arbitrary operator can be represented as a product of a matrix, corresponding to an optical

element, independent of its spatial orientation, and a rotation matrix.

The operators, corresponding to different optical elements, can be calculated as follows. In
case of a polarizer, the refraction indices n,, and n,, are the same along both directions and the

principle attenuation coefficients are different. The Jones matrix becomes

0
Px )'ngx,pyﬁl-

NpoL = (O Dy

The respective operators for ideal linear horizontal and vertical polarizers are
(10 /0 0
NLHP - (0 O)JNLVP - (0 1)

In the case of a waveplate, the refraction coefficients are different in x and y directions and the
attenuation coefficients are the same. The elements of the Jones matrix are complex. In general, a

waveplate with retardance § with its fast axis horizontal can be described by the Jones matrix

Nyp = ((1) e9i5)'
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The Jones matrix for an arbitrary waveplate oriented at an angle 6 to the x-axis would be

RONRCD = (505 005) (0 o) (S cose)

_ [ cos?0 +sin*0 e cosBsind - (1—e0)
~ \cos@sin@-(1—e )  sin% + cos?6 e~ )
The respective operators for a half-waveplate, quarter-waveplate and a A/8-waveplate are

(respective retardances § = m, m/2, m/4, and the angle between fast axis and the x-axis 8 = 0):

Njy/2 = ((1) _01),

NA/4 = ((1) _OL.),

1 0

6.2.3.2 Transformation of light components in Simultaneous Mirau

Interferometry

Suppose a A/8-waveplate is placed in the test arm of the interferometer with its fast axis
horizontal (6 = 0°) and the incident light is linearly polarized at an angle of 45° to the x-axis.
The operator corresponding to the waveplate would be

1 0 1 .
e D 28 D0 )

The light passes through the waveplate twice: on its way towards the sample and upon reflection
off the sample on its way towards the camera sensor. Thus, the light vector undergoes the

following transformation:
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N D S
P ) (E ) 0-50) -3 )

I.e., the x-component is delayed by g with respect to the y-component.

6.2.4 Image reconstruction

As described in Chapter 3, in phase-shifting interferometry the intensity at each point of the

interferogram is described by the system of equations
I;(x,y) = I,(x,y) + Iy cos[@(x, y) — 6;],

where I, (x, ) is the background intensity, I,,,(x, y) is the fringe modulation, ¢ (x, y) is the
phase distribution at a point (x, y) and §; is the relative phase shift. Provided that the phase shift
is known, PSI requires at least three interferograms to solve this system of equations for the
fringe modulation or for the phase. With the described geometry of the Mirau interferometer one

can acquire only two interferograms. Given that the phase shift between interferograms is equal

to g the set of equations for intensity values at each pixel reduces to

Li(x,y) =1,(x,y) + I,(x,y) cos ¢

Li(x,y) =1I,(x,y) — I,(x,y) sing

We reduce the number of unknowns by taking a background image out of focus — just outside of
the range of the fringe visibility:

I(x,y) = Ip(x,y)
Subtracting the background intensity from each of two equations above, we eliminate the
background variable I, (x, y) and are left with only two variables: the fringe modulation I,,, (x, y)

and the phase ¢ (x, y). The fringe modulation can be found as
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In(,y) = (LG, y) — LG, y)? + (s (x,y) — L(x, y)2.
Thus, acquiring two interferograms provides sufficient information to reconstruct the image,
given that the background is also acquired. A similar approach, based on acquisition of two

interference patterns and a background image, is described in the paper by Wizinowich (57).

During the digital image processing, the background term I,(x,y) is eliminated by
subtracting the background intensity map from the image with the two interference patterns.
Next, an adaptive Wiener filter is applied to remove noise. The parameters of this filter depend

on the variance of the pixel intensity in the neighborhood of each pixel.

After that two fields of view that contain the two phase-shifted interference patterns are
selected in the image. The offset between the two fields of view can be adjusted. The intensities
of both images are rescaled to the values from -1 to 1. The intensity of each pixel of the image of
the sample is calculated as the square root of the sum of squares of the intensities of the

corresponding pixels of each of the two interferograms.

6.2.5 Means of splitting the polarization components

To obtain two phase-shifted interferograms, the polarization components of both the test and
reference beams carrying different phases should be spatially separated. Various beamsplitting
techniques exist such as using gratings (49), (70), holographic elements (71) or beam-splitters
(49, 71). We have implemented two ways of splitting orthogonal polarizations: with a
polarization beam-splitter and a polarization beam-displacer. A polarization beam-splitter is an
optical element that separates the orthogonal components of polarized light (the s- and p-
components) by reflecting the component, perpendicular to the plane of incidence. A schematics

of implementation of SIMI using a polarizing cube beam-splitter is presented in Figure 6.10a. A
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cube beam-splitter consists of two right-angle prisms cemented together. The hypotenuse of one
of the prisms has a dielectric coating which allows the p-component to pass. A configuration
involving a beam-splitter requires using two cameras, because the output of the beam-splitter
consists of two orthogonal beams. This arrangement has its drawback. When two cameras are
involved, even a slight misalignment or miscalibration creates a discrepancy between the
corresponding interferograms that reduces the quality of the final image. A more reliable method
is to capture both interferograms with a single camera. To direct both beams onto a single sensor,
a calcite beam-displacer can be used instead of a beam-splitter. A beam-displacer is a uniaxial
birefringent crystal. Similarly to a polarization beam-splitter, a beam-displacer separates the
orthogonally polarized components of the light. Because of different properties of light
propagation along different optical axes of the beam-displacer, one component is steered and the
other component is left unchanged. Unlike the output of a beam-splitter, the output beams of a
beam-displacer are parallel to each other. Thus, the two beams carrying two phase-shifted
interferograms can be sent to a sensor of a single camera, which eliminates the potential
misalignment problem. A schematic of the configuration where a beam displacer is used is

presented on Figure 6.10b.
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A A A

Figure 6.10 Layout of the Simultaneous Mirau imaging system: a) Two-camera arrangement.
The light beam is split into two perpendicular beams by a polarization beam-splitter (PBS) and
sent into two separate cameras (C1 and C2); b) One-camera arrangement. The light beam is
separated into two parallel beams by a polarization beam displacer (BD) and can be sent onto the
sensor of a single camera. Note: the paired interferograms are the results of an actual experiment
with fixed fibroblast cells — notice the quarter-wavelength phase shift between the
interferograms.

6.3 Results obtained with Simultaneous Mirau Interferometry (non-

immersion)

6.3.1 Experimental setup

We have built and tested a prototype of the Simultaneous Mirau imaging system that operates
in non-immersion mode. A breadboard experimental setup was built according to the schematics
on Figure 6.10a. An X-Cite 120 Series light source (EXFO, Life Sciences & Industrial division,

Mississauga, Ontario, Canada) was used for illumination. A collector lens and neutral density
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filters from a Nikon J-FL 50i55i epifluorescent microscope attachment were used to focus light
from the light source and to limit the intensity. A linear glass polarizing filter (Edmund Optics,
Barrington, NJ) was used to polarize the light linearly. A Nikon microscope filter cube was fitted
with a 540/25 band-pass filter (Omega Optical, Brattleboro, VT) and a 50/50 neutral beam-
splitter (Chroma Technology Corp., Rockingham, VT) to direct part of the light from light
source into the objective and to transmit part of the light from the sample into the camera sensor.
The Leica interference attachment described in Chapter 3 was mounted onto the Leica 50x
threaded microscope objective. To introduce a quarter-wave phase shift to one of the components
of the test beam, we used muscovite mica waveplates with thickness of 16 um and retardance of
M8. A waveplate sheet was attached directly onto the substrate covering the sample. The low
thickness of mica waveplates allowed incorporating the plates into optical paths of limited length
(1.9 mm distance between the windows and from the lower window to the sample). A
polarization beam-splitter cube (Edmund Optics) was used to separate the orthogonal
components of polarization of light. A tube lens (Nikon 200 mm tube lens, Edmund Optics) was
placed in front of each camera to focus the parallel rays of light from the objective to form an
interference image on the camera sensor. The phase-shifted interference patterns were recorded
by two CMOS cameras (Photonfocus AG, Lachen, Switzerland). The computer was equipped
with a Matrox Solios frame-grabbing board (Matrox Imaging, Dorval, Quebec, Canada). The
interferograms were captured using custom software that was written in C using the Matrox
Imaging Library. The image reconstruction procedure utilizes the algorithm described in Section
6.2.4 “Image reconstruction”. The recorded interferograms were processed off-line to produce

reconstructed images with custom software written in Matlab (Mathworks, Natick, MA).
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6.3.2 Results

Figure 6.11 through Figure 6.13 demonstrate the results of the preliminary tests with the two-
camera non-immersion simultaneous Mirau imaging system (left panels), with a comparison to
corresponding fluorescent images of the same samples (right panels). In this preliminary study,
we used WISH cells (human amniotic epithelial cell line, American Type Culture Collection
(ATCC), Manassas, VA) and NIH 3T3 cells (mouse embryo fibroblast cell line, ATCC). The
unstained cells were fixed and imaged with the simultaneous Mirau interferometric system on
glass slides in air. The same samples were subsequently stained with DAPI (Invitrogen,
Carlsbad, CA) and Red Counterstain C (Trevigen Inc., Gaithersburg, MD) and imaged with a
fluorescent microscope (Zeiss Imager Z1, Carl Zeiss Microscopy, LLC, Thornwood, NY). There
is a good correspondence between the images produced by fluorescent imaging and by
Simultaneous Mirau Interferometry. On the Mirau interference images, cell structures can be

seen such as nuclei, cytoplasm and nucleoli.
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Figure 6.11 WISH cells — note the cytoplasm in these cells is very thin. Left panel: no-stain,
non-UV Simultaneous Mirau interferometric image shows cell nuclei and nucleoli. Right panel:
corresponding fluorescent image.

Figure 6.12 3T3 cells. Left panel: Non-stain / non-UV interferometric image shows cytoplasm,
nucleus and nucleoli. Right panel: Corresponding fluorescent image.
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Figure 6.13 3T3 cells. Left panel: non-stain / non-UV Simultaneous Mirau Interferometric
image shows cytoplasm and a micronucleus. Right: corresponding fluorescent image. The red
arrows indicate the micronucleus on each image.

6.4 Design and fabrication of the Mirau Interferometric attachment

with incorporated polarization optics; requirements for the apparatus

6.4.1 Precision windows

As for to the Mirau interference attachment, the glass for the polarization Mirau interference
attachment needed to meet certain specifications, described in section 4.3.2. The flatness and
parallelism were chosen so that the phase of the incident wavefront changes by 1/10 of the
wavelength or less upon transmission or reflection. Each window of the Simultaneous Mirau
interferometric attachment contains an incorporated waveplate (this is discussed in more detail
below), cemented between two layers of glass. For the total window thickness to be 1 mm or
less, the thickness of each glass layer needed to be 0.3 mm, which is significantly thinner than

the glass used for the Mirau interference attachment, described in Chapter 4. Because of the low
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thickness, the above specifications were especially difficult to meet; yet, they were achieved,
except for the parallelism, which had a tolerance of 5 arc seconds instead of 1 arc second
described previously. Precision optical windows with the following specifications were

purchased from Perkins Precision Developments, LLC (Platteville, CO):

e Material: Fused Silica

e Diameter: 8 mm = 0.1 mm

e Thickness: 0.3 mm = 0.01 mm

e Surface quality 20-10

e Parallelism: less than 5 arc seconds

e Flatness: /20

6.4.2 Waveplate materials

6.4.2.1 Requirements

Various materials were considered for production of the A/8 waveplates for the custom

polarization interference attachment. We compared them for a number of qualities:

e Thickness. Retarder plates that are thick and rigid enough can be used as windows;
thinner plates, that are more fragile and flexible, have to be mounted on substrates.
On the other hand, thin waveplates that create a difference in optical paths of more
than the coherence length of 5.1 um would require compensation in the other arm of
the interferometer to preserve interferometry.

e Retardance accuracy. Retardance is the phase shift that the components of the
incident light acquire upon passing through or reflecting off the surface of a

birefringent material. A more accurate retardance value would result in a more
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precise phase shift in the interferogram and in better quality of the reconstructed
image.

e Dependence of the retardance on the angle of incidence (AOI) of the light. The
threaded Leica objective, on which the interferometric attachment is mounted, has a
numerical aperture of 0.5. It creates a cone of light with AOI of up to 30°. When the
incident light is not normal to the waveplate, the retardance is different, because first,
the light travels through more material, and second, for birefringent materials the
index of refraction is different in different directions. It is desirable that the retardance
of the waveplates changes as little as possible in this AOI range. Significant
variations in the phase of interfering beams would lower the contrast of interference
fringes.

The properties of various birefringent materials, including retardance accuracy and

acceptance angle are summarized in Table 6.1.

6.4.2.2 Mica waveplates

For our earlier experiments, confirming the principles of Simultaneous Mirau Interferometry,
we used muscovite mica waveplates (B&M Mica Co., Inc., Flushing, NY). A A/8 waveplate was
attached to the sample substrate, covering the specimen. Mica is a biaxial birefringent crystalline
material with the ability to split easily along its crystallographic structural planes (cleavage
planes). Since the optical axes of mica are parallel to the cleavage planes, waveplates can be
manufactured by cleaving mica sheets. The thickness of mica sheets necessary to produce A/8
retardation is 16 um. This thickness is small enough to preserve interference without introducing
a compensating layer in the reference path. On the other hand, crystalline mica sheets of that

thickness are very fragile. To be incorporated into a device for operating on a regular basis, mica
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waveplates should be mounted on optical substrates. Another and a bigger disadvantage of mica
waveplates is their low retardance accuracy, caused by the fact that the difference in the indices

of refraction for the fast and slow axes vary by up to 20% from sample to sample (75).

6.4.2.3 Polymer and quartz waveplates

Other materials considered for waveplates were quartz and polymer. Quartz is a uniaxial
birefringent crystalline material. When a polymer is stretched, it also becomes birefringent, with
its fast axis perpendicular to the direction of stretching and can be used as a waveplate (76). Both
materials have retardance accuracy superior to that of mica. Quartz waveplates are thick enough
to be used as windows without extra support, while the polymer retarders would have to be
mounted on glass substrates. On the other hand, the angular field of view, or dependence of
retardance on AOI, is better for the polymer material. The graph in Figure 6.14 shows the
retardance as a function of AOI for A/4 waveplates made of polymer and quartz. The retardance
of polymer waveplates increases with angle considerably more slowly than that of quartz. Based
on the information about the properties, described above, polymer waveplates were chosen as the

optimal solution for our application.

Apart from the large angular field of view, polymer waveplates are true zero-order retarders;
they have excellent transparency and are cost-effective. Polycarbonate waveplates were provided

and mounted between the glass windows by Bolder Vision Optik (Boulder, CO).
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Table 6.1 Comparison of various types of commercially available zero-order retarders that are
used in astronomy. For quartz and MgF,, it is assumed that they are compound zero-order

retarders. The accuracy in percent refers to a half-wave plate.

Reproduced, with permission, from Keller C.U., “Instrumentation for astrophysical
spectropolarimetry”, in J. Trujillo Bueno, F. Moreno-Insertis, F. Sanchez (eds), Astrophysical
Spectropolarimetry: proceedings of the XII Canary Islands winter school of Astrophysics,

Cambridge University Press, 2001

Type retardance wavelength range bandpass (hm) Acceptance angle
accuracy (%) (nm) ©)
Quartz 0.4 180-2700 100 3
MgF, 0.4 140-6200 100 3
Mica 4 350-1550 100 10
Polymer 0.6 400-1800 100 10

Fresnel 2 240-2000 330-1000 2
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Retardance dependency on the angle of incidence of
polymer and quartz
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Figure 6.14 Dependence of the waveplate retardance on the angle of incidence for a quarter-
waveplate for quartz and polymer. The change of the retardance is significantly slower for
polymer. Based on the data supplied by Bolder Vision Optik (Boulder, CO).

6.4.3 Mounting the optics for use in the immersion mode

Usually polymer retarders are mounted between two glass substrates for rigidity. In the case
of SIMI, sandwiching the polymer layers between two pieces of glass also protects them from
liquid. This is important, because when polymer waveplates are kept in contact with water or salt
solution, their retardance properties may change. The polymer film was attached to the glass with

optical adhesive (Figure 6.15).



104

Glass Polymer  Epoxy

RN /) oo

Figure 6.15 Composition and dimensions of the compound windows of the SIMI attachment.
6.4.4 Preserving equal optical paths

Each polycarbonate A/8-waveplate is made of two waveplates with different retardances, with
their slow axes crossed at 90°. Such a compound retarder introduces about 157 pum of polymer
material into the test path. Another 30 pum on average is introduced by each layer of the optical
adhesive. The presence of materials with different indices of refraction in the two arms of the
interferometer degrades interference. To keep the optical paths identical, it is necessary to
introduce a compensation layer of material with the same thickness and index of refraction to the
other arm of the interferometer (60). Preferably the same material should be used. It was decided
to use identical assemblies containing the same waveplate film in both test and reference arms
(Figure 6.16). To preserve the polarization components of the light incident onto the beamsplitter
and the second waveplate, the slow axis of the first waveplate is oriented at 0° with respect to the

light polarization.
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Figure 6.16 Schematics of the simultaneous Mirau interferometer with incorporated polymer
waveplates: a) A A/8 waveplate with its fast axis at 45° to the light polarization placed in the test
arm introduces introduce a n/2 delay between the x and y components of the test beam; b) a
second waveplate oriented at 0° equalizes the test and reference path lengths.

The effect of introducing the second waveplate on light polarization was examined using

Jones matrix analysis. Similarly to the calculations in section

6.2.3, we can calculate the light

components of the test beam after it passes through two waveplates: one oriented along the light

polarization and another at 45° to it. Let the light polarization be at 45° to the x-axis:

- 1
E=ﬁ®-

A M8 waveplate is represented by the formula

1 0
NA/S = (0 %(1 _ l))

The rotation matrices for the first waveplate (6 = %) are

T cos(™/y) —sin("/y)
R(4) - <sin(”/4) cos(™/,) )

1 —
ﬁ(} 11)’



R( n)_<cos(”/4) sin(”/4)>_ 1 (1 1)

4/ \=sin(®/y) cos(T/y))  vZ\-1 1)

Thus, the operator representing the first waveplate is

11 —1 1 1 0 11 1
Nl/8,459=ﬁ(1 1)' 0 —(1-19) 'ﬁ(—l 1)

V2
(=) 1-—(1-1)
l \/E l \/E l
) 1—La-p 1+~2a-0]
V2 V2 /

Upon passing through this waveplate, the polarization vector of the light is transformed in the

following way:

—)

|/1+i(1—1) 1—?(1—1)\ .

\1—7(1—1) 1+T(1 / V2 1):ﬁ

5 B-20)

Thus, the components of the light are not affected.

The axis of the second waveplate is oriented at 45° to the light polarization and we can
assume that its fast axis is horizontal (6 = 0). Transformation of the light vector components
upon the double traversal of the waveplate, oriented at 45° to the direction of polarization, is

described in section 6.2.3. The polarization vector of the emerging beam is

1,
E”:ﬁ(;)'

On the way back to the objective, the light passes through the first waveplate once again:

106
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|/1+i(1—o 1——(1—0\

B = V2 V2 l) (1 V2 - )
2\1—%(1—1) 1+T(1_))\/— 1/ 2y2\14v2 -

By multiplying and dividing the components by 1 + /2 + i, we get

57 _ L <(1—f l)(1+f+t)> 1 (—2@)
2V2ZA+V2Z+D)\@+V2 = DA +V2+1i)) 2V2ZA+V2+i)\4+2V2
v, i OA0)
C1+VZHi\L+V2)
i.e., the x-component of the light exiting the interferometer is delayed by % with respect to the y-

component. The beam is elliptically polarized.

6.4.5 Properties of coatings

6.4.5.1 Reflectance values

The reflectance of the beam-splitter should be adjusted to the reflectance of the specimen.
Reflectance of a surface is the ratio of the intensity of the reflected light to the intensity of the
incident light. Reflectance of different materials ranges from a few percent to close to 100%. For

the purpose of estimating reflectance in the visible light, the biological cells were assumed to
exhibit dielectric behavior (ﬁ « 1, where conductivity o < 108 % relative permittivity e~1

(77, 78) and frequency w = 101° Hz). Reflectance of a sample depends on its index of refraction

as well as the index of refraction of the surrounding medium. For normal incidence,

Ng — Ny
= ( )?
n5+nm

where ng and n,,, are the indices of the sample and medium respectively.
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The reported refractive indices for live mammalian cells are in the range of 1.358 to 1.410
(79, 80, 81). The refractive index of Phosphate-Buffered Saline (PBS) in which the cells are kept
during the experiment was estimated to be in the range of 1.347-1.355 based on the
concentration of NaCl as the most abundant compound (82, 83). Thus, the estimated reflectance

of cells submerged in PBS ranges from 8.7 - 107 t0 4.7 - 10™*.

For each sample, the corresponding value of the reflectance of the beam-splitter can be found
from the condition that the intensity of the test beam, transmitted through the beam-splitter twice
and reflected off the sample, equals the intensity of the reference beam, which experiences two
reflections at the beam-splitter and one reflection at the reference mirror:

(1 —Rps) *Rs = Rs - Ry,

where Rgg, Rg and R, are the reflectances of the beam-splitter, sample and reference mirror
respectively. From this equation, the most suitable reflectance value of the beam-splitter for a

particular sample can be calculated as

Rys = Y5 __

P57 JRu +/Rs
Using reflectances for mammalian cells, estimated earlier, and reflectance R, = 0.999 for
the reference mirror (see the next subsection for more details on the coatings), we can estimate
the corresponding reflectance range for the beam-splitters of the water-filled Mirau

interferometer as 0.3% — 2.1%.

To focus on a sample, sometimes it is practical to adjust the reflectance of the beam-splitter
to obtain interference fringes with good contrast off the substrate. It was determined that mica

sheets are the most suitable substrates for plating cells for interferometric imaging at our
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irradiation workstation because of the smooth surface and low thickness (see section 6.5.2). The
reflectance of mica in PBS can be derived from its index of refraction (for n = 1.563: R,,;cq =
0.53% and the corresponding beam-splitter value Rzs = 6.8%). The indices of refraction of
possible samples, their corresponding reflectances in PBS and the matching reflectance values of

the beam-splitter are summarized in Table 6.2.

Table 6.2 Sample refractive indices and reflectances in PBS and corresponding reflectances of

the beamsplitter, calculated for a water-filled Mirau interferometer.

Best-matching
Specimen Index of refraction Reflectance in PBS refle_ctanc_e of_a bgam-
splitter, in deionized

water

Mammalian cells 1.358-1.410 8.7x10" % — 4.7x10% % 0.29% — 2.13%

Mica sheet, ng, ng, n, 1.563, 1.596, 1.601 0.53% — 0.72% 6.8% — 7.8%

Glass 1.46-1.75 0.15% — 1.66% 3.8% —11.4%

Polypropylene 1.49 0.24% 4.7%

Table 6.3 Reflectances of different surfaces in water.

Table 6.3 shows the reflectances of

Beam-spitting surface Reflectance in water

Uncoated fused silica 0.2% possible beam-splitter surfaces, calculated
10% beam-splitter 3% - 4% for water. The range of reflectance is
25% beam-splitter 15% - 16% suitable for imaging of biological cells and

for focusing on the substrate where the cells are plated.

For the custom Immersion Mirau interferometric attachment, the beam-splitter coatings with
reflectances of 5%, 25%, 50% and 85% were made corresponding to the set of beam-splitters
used in the commercial attachment. As was observed experimentally, in the case of imaging

metallic surfaces, among the available beam-splitters the 50% and 85%-reflective beam-splitters
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produced the fringes with the best contrast. The 25% beam-splitter was the best match for glass
and plastic, and 5% and 25% were the best reflectance values to image biological cells. The
surface of the uncoated fused silica has 3.5% reflectance in air and 0.2% in water, so the 5%
beam-splitter was substituted by a coating with a reflectance value of 10% to provide a broader
selection of beam-splitters. Thus, the reflectances 10%, 25% and 85% were chosen for the beam-
splitters of the SIMI attachment. According to the calculations above, 50% is the reflectance
value of a beam-splitter corresponding to a 100%-reflective sample. The 85% beam-splitter was
ordered for comparison with the previously manufactured windows. However, it was not
possible to collect enough light from the sample to obtain interference using this beam-splitter,

which confirms the calculations.

6.4.5.2 Independence of transmission, reflection and phase-shifting properties

of the polarization and angle of incidence

In order to keep the values of the polarization components unchanged upon reflection and
transmission, the mirror and beam-splitter coatings should be non-polarizing. This means that
their reflection and transmission properties are independent of the polarization of the incident
light. The components of the light that are affected differently by reflection or transmission are
associated with the frame of reference, formed by the plane of reflection (transmission) and the
plane of incidence. The terminology is illustrated in Figure 6.4. The light component parallel to
the plane of incidence is called the p-component and the component normal to the plane of
incidence is called s-component. As the angle of incidence increases, the reflection coefficient
for the p-component decreases and then at a certain angle increases again. For dielectric

materials, it reaches zero at an angle called Brewster’s angle. For our application it is desirable
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that the reflection and transmission properties of the coatings are independent of polarization and

of the angles of incidence for the angles between 0° and 30°.

It is also desirable for interferometry to have minimal variation of the phase shift introduced
by reflection or transmission through a coating across a range of angles of incidence from 0° to
30° created by the objective. The phase shift, if it exists, should also be the same for both

polarization components.

The requirements for the coatings can be summarized as:

independence of reflection and transmission on polarization;

e small variation of reflection and transmission for both components across the angles
of incidence from 0° to 30°;

e independence of phase shift at reflection or transmission on polarization and

e small variation of phase shift across the angles of incidence in the range from 0° to

30°.

6.4.5.3 Selection of coatings

There are various coating techniques, which can be used to produce coatings with different
properties. We considered Electron Beam Deposition (EBD), lon Beam Sputtering (IBS) and
Magnetron Sputtering. The Magnetron Sputtering process is considerably more expensive than
the other two coating techniques. The EBD and IBS coatings were compared using the
characteristics described in the previous section. Information about their properties was provided

by Laseroptik GmbH (Garbsen, Germany) where the coatings were ordered.
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The two types of coatings demonstrate comparable qualities. For both techniques, the phase
shift introduced by reflection or transmission does not depend on polarization direction and the
reflection/transmission coefficients do not vary with AOI. The difference between transmission
and reflection coefficients for the s- and p-components is a few percent smaller for the EBD
coatings. The IBS coating produces more uniform phase shift across the angles of incidence. IBS
coatings are also more resistant to salt solutions than EBD. Based on this information, it was

decided to use IBS for production of beam-splitters and EBD for the mirror coating.

This comparison was done using the data for coatings interfacing with air. In water, some
coating characteristics degrade (for example, the phase shift at reflection and transmission has
greater variation with AOI, although it is still lower than that for EBD). At the same time,
according to Snell’s law, the maximum AOI range reduces to 25° due to the higher index of
refraction, which slightly lowers this variation of the parameters. The characteristics of the
manufactured coatings, calculated for the interface with water for the beam-splitters and with

fused silica for the mirror, are presented in Appendix A.

6.5 Results obtained with Simultaneous Immersion-Mirau

Interferometry
6.5.1 Experimental Setup

The work on SIMI has been done off-line so that the development does not interrupt the
regular RARAF microbeam operation. To develop a module that can be easily transferred to the
microscope at the microbeam endstation, we purchased a Nikon Eclipse 50i microscope (Morrell
Instrument Company, Melville, NY) with the Y-FL epifluorescent attachment, identical to that of

the microscope at the microbeam endstation. The module consists of a camera adaptor with
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incorporated beam-displacer, a relay lens and a camera that is mounted onto the adaptor with a
C-mount. Such module can be mounted instead of the corresponding camera adaptor used for
other projects at the time of SIMI imaging. This modular arrangement eliminates the need to
accommodate the beam-displacer inside the camera adaptor of the microscope endstation every
time prior to SIMI experiments. The Nikon Y-FL epiflourescent attachment accommodates a
rotatable polarizer. The polarizer can be rotated to adjust the angle of the light polarization
according to the alignment of axes of the waveplates after the optical paths of the Mirau
interference attachment has been equalized. An EXFO X-Cite 120 Series light source was used
for illumination. The same filter cube that was used for the previous experiments was used here —
a Nikon fluorescent microscope cube containing a 50/50 neutral beam-splitter (Chroma
Technology Corp., Rockingham, VT) and a 540/25 band-pass filter (Omega Optical). For the
final configuration with the custom manufactured polarization windows a filter with a 10 nm
band was used to increase the coherence length, because of thickness variations between
different parts of the laminated assemblies. A 40-mm long calcite beam-displacer (BD-40,
Thorlabs, Newton, NJ) with the separation of 4 mm between the resulting orthogonally polarized
beams was installed in the camera adaptor between the relay lens and the CMOS camera
(Photonfocus).

Since SIMI imaging is a process with one-frame image acquisition, no precision z-stage was

required.

6.5.2 Experiments with the prototype SIMI configuration

6.5.2.1 Prototype assembly

Prior to starting the production of the assemblies that incorporate the waveplates and

precision windows, described in the Section 6.4, the concept of simultaneous Mirau
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interferometric imaging in immersion mode was tested using a prototype SIMI assembly. This
assembly consisted of the immersion Mirau interferometric attachment built for IMI (see Chapter
4) and polymer A/8 waveplates (Bolder Vision Optik, Boulder, CO) cut to fit inside the optics
holders and applied directly to the windows as shown on Figure 6.17. The prototype setup was
assembled in water, so that there was no glass-air or polymer-air interface. The attachment was
filled with distilled water and submerged under the Phosphate-buffered solution containing the
cell sample. It was possible to use this arrangement for the first few hours after filling.
Afterwards the image degraded, perhaps due to possible loss of the polarization properties of the

polymer waveplate material.

Objective

Spot mirror Polymer waveplates

e / / Optics

— holders

R o o P A

A A o

Windows

Beam-splitter coating

Figure 6.17 An ad-hoc SIMI arrangement: polymer waveplates attached onto the windows of the
immersion Mirau interferometer.
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6.5.2.2 Choice of the substrate material

For regular microbeam experiments, the cells are plated in dishes with polypropylene bottom,
chosen for its non-fluorescent properties. Polypropylene film has specific uneven surface
structure that prevents from recognition of objects in interferometric imaging. We have
researched various materials to be used as substrates for IMI. Mica was chosen for its smooth

surface and low thickness of the mica sheets.

6.5.2.3 Results

3T3 cells (fibroblasts) were plated on mica substrates in cell growth medium and transferred
to Phosphate Buffered Saline just prior to imaging. The images of live cells, obtained with the

prototype SIMI configuration, are presented in Figure 6.18.

Figure 6.18 Simultaneous Immersion Mirau image of live 3T3 cells in PBS. The cells were
cultured on mica substrates in cell growth medium.

6.5.3 Experiments with the final SIMI configuration

6.5.3.1 Compound windows

After the polarizing assemblies had been manufactured, another set of experiments were
performed using the immersion Mirau attachment with the custom-manufactured polarization

optics. The arrangement is illustrated in Figure 6.19. Each window contains a layer of polymer
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waveplates was laminated between two pieces of glass. The lower waveplate creates a A/4 phase
shift in the x-component of the test beam. The other, compensating, waveplate is integrated into
the upper window. The axis of the upper waveplate should be aligned with the direction of
polarization of the incoming light so that the polarization components are not affected by the first
waveplate. The optics holders are made in such a way that when the attachment is assembled the

angle between the axes of the top and bottom waveplates is 45°.
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Figure 6.19 Custom-built optics of the final SIMI design: polymer waveplates sandwiched
between pieces of glass to form windows of the simultaneous immersion Mirau interferometer.

Similar to the prototype assembly, the space between the two windows of the SIMI
attachment was filled with distilled water for imaging. Before filling the attachment was kept in
an ultrasonic bath for a few minutes to remove all the air that may have been captured in the
device. After that, the attachment was assembled and filled while submerged in water. During

the imaging, the attachment was submerged in PBS solution that was used as a cell medium.
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6.5.3.2 Alignment of the components

To equalize the test and reference paths, the height of the reflecting surfaces of the SIMI
attachment with respect to the objective is adjusted by rotating the focusing ring (see Chapters 3
and 4 for more details). This procedure changes the orientation of the axes of the waveplates.

The alignment of the direction of polarization of the incident light along the axes of the

Figure 6.20 SIMI microscope module: a) the main body of the camera adaptor with the
beam-displacer fitted inside; b) main body of the adaptor, rotatable C-mount and mounted
camera.

waveplates is then done by rotating the polarizer. To split the polarization components of the
output light correctly, the position of the beam-displacer and the camera should also be adjusted
so that the output light polarization is aligned with the direction of the displacement of the rays.
To enable such adjustment, a custom camera adaptor was built (Figure 6.20). The adaptor

consists of the main body with the mounts for the beam-displacer inside and the conically-shaped
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C-mount for the camera. The angular position around the z-axis of the beam-displacer and its
vertical position can be adjusted and fixed. The angular position of the camera can also be
adjusted by rotating the C-mount and fixed with screws. The adaptor was built at the Design and
Instrument shop of the Center for Radiological Research at Columbia University Medical Center

by Gary Johnson.

6.5.3.3 Results

Figure 6.21 Simultaneous Immersion Mirau image of HT 1080 fibrosarcoma cells expressing
XRCCL1 gene. The cells were plated on glass slides and imaged in Phosphate-buffered saline.

Figure 6.21 shows a SIMI image of HT 1080 fibrosarcoma cells that stably express EGFP-
XRCC1 (X-ray repair cross-complementing group 1) gene. The cells were cultured on glass
slides in cell growth medium. Prior to imaging, the cells were transferred to PBS pre-warmed to

37°. The outlines of the cells are clearly visible.
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6.6 Cell recognition

For regular microbeam irradiations, fluorescent staining of nuclei is used to localize the
cellular targets. The grayscale image is binarized using a pre-set threshold level to determine the
contours of the objects — the pixels with intensities higher than the threshold become foreground
and the other pixels become background. A 3x3 median filter is applied to remove noise and
small particles — the brightness of each pixel is replaced by the median value of the brightness of
the 3x3 neighborhood. The “Watershed” operation is optionally applied to separate touching
objects. After that the objects are selected by size (objects too small or too large are excluded),

the centers of gravity are determined (Figure 6.22) and the cells are targeted for irradiation.

Figure 6.22 A screenshot of the image produced by the microbeam software during an
irradiation experiment. The contours of the cell nuclei are determined and the cells are marked
for irradiation. The cells that have already been irradiated are not marked.
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For a cytoplasmic irradiation, if only the nuclei are stained, areas of certain size are selected
around the nuclear objects, representing the approximate location of the cytoplasm. The targets

are selected within the approximated cytoplasm on both sides of the nucleus.

Although the interferometric imaging requires reconstruction from multiple interferograms,
the subsequent processing is very similar to the processing of fluorescent images. The difference
from the fluorescent imaging is that in the images produced by Mirau Interferometry the cells are
darker objects on lighter background and the inside of the cells can be lighter than the contours.
The binarization procedure can be set so that the pixels darker than the threshold become
foreground and closed objects can be filled (Figure 6.23). Then, the centers of gravity are

localized. More details on the image processing and cell detection can be found in Chapter 8.

Figure 6.23 Example of processing of a SIMI image of a live fibroblast: a) the grayscale image
reconstructed from interferograms; b) binarized image separates pixels with intensities above or
below the threshold level; c) the region within the closed contour of the cell nucleus is filled and
the center of gravity is localized and marked.

6.7 Comparison to other systems

Although similar technologies exist, the developed system is the only vibration-resistant
apparatus that works in cell culture systems without coverslips. The technique utilizing the Mirau

interferometer, proposed by Dubois and Boccara (84), adapts the Mirau interferometry for use in
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immersion by adding a compensating medium. However, this technique uses the Mirau
interferometer in its original design, without polarization optics for simultaneous imaging. The
system, described in (85), is developed for dynamical imaging of live cells in medium covered
by a glass slide. The system is based on a Linnik interferometer, which is less compact than a
Mirau interferometer; in addition, the Linnik interferometer utilizes two objectives, which may
cause alignment issues. The reference arm does not contain medium. The polarization Mirau

systems, proposed in (60, 86) are not intended for use in immersion mode.

6.8 Applications

Making Immersion Mirau Interferometry vibration-insensitive opens broad opportunities for
live cell imaging without fluorescent stains or UV light, including the environments where

vibration isolation is not possible:

e Cell targeting for irradiation

e Cell dynamics and morphology studies: cell motility (87), contraction of muscle cells,
neural activity (88)

e Motion of microscopic biological systems (e.g., hair bundles of the inner ear (89))

e Non-biological applications: imaging of fast changing environment, surface

metrology, measurements of vibrational modes etc.
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Chapter 7 Future directions

7.1 Integration of the components of SIMI module with the microbeam

endstation

7.1.1 Imaging system

The next step of this project is to integrate Simultaneous Immersion Mirau Interferometry
(SIMI) into the microbeam endstation. The modular arrangement of the endstation will facilitate
the incorporation of SIMI and will make the SIMI module easily interchangeable with the other
components of the microbeam endstation. Integrating SIMI into the microbeam endstation
requires addition of the following elements (Figure 7.1): (1) a linear polarizer; (2) a microscope
cube with a band-pass filter and a dichroic mirror; (3) the Mirau interferometer; (4) a beam-

displacer and an adjustable camera adaptor.

SIMI imaging requires polarized light. The Y-FL epi-fluorescent attachment of the Nikon
Eclipse 600FN microscope has a slot where a rotatable linear polarizer can be placed. This will
allow the direction of light polarization to be adjusted with the alignment of the other optical
components. The immersion-Mirau interference attachment will be mounted onto a designated
Leica threaded objective which is compatible with Nikon microscopes. The custom-made
adaptor for the camera contains the beam-displacer which is used to separate the orthogonally
polarized beam components. The separated components will form two interferograms on the
sensor of the camera. The design of the camera adaptor, described in Chapter 6, allows alignment
of the beam-displacer and the camera depending on direction of polarization of the interfering
beams. The windows with the waveplates are rotated when the vertical position of the attachment

with respect to the objective is adjusted to obtain interference, as described in Chapter 3. After
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interference conditions are achieved, the polarizer is rotated to create an angle of 45° between the
axis of the lower waveplate and the light polarization. Then, the angular positions of beam-
displacer and the camera can be aligned with the polarization axis of the resulting interference

beam.

Figure 7.1 Integration of the components of the SIMI system into the microbeam endstation: 1 —
linear polarizer; 2 — microscope cube with a 50/50 dichroic mirror and a band-pass filter; 3 — the
SIMI attachment mounted on the epi-illumination objective; 4 — adjustable adaptor with the
beam-displacer and the C-mount for the camera.
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7.1.2 Integration with the microbeam control software

The microbeam control software coordinates the operation and integration of the components

of the microbeam system:

e Image acquisition and processing;

e Cell identification and targeting;

e Stage motion — positioning of the cellular target over the beam;

e Protocol handling — type of irradiation (nuclear or cytoplasmic), fraction of cells to be
irradiated etc.;

e Control of the electrostatic beam deflector — calling for the beam and deflecting it
when the specified number of particles per cell are detected by the gas counter;

e Beam diagnostics: beam resolution scan and beam positioning.

For the Mirau Interferometry to function as an integral part of the microbeam endstation, the
Mirau software needs to be incorporated into the microbeam control software. The software for
Mirau interferometry is written in Visual Basic and Matrox Imaging Library (MIL). The image
reconstruction algorithm for SIMI, which has been implemented in Matlab and is operating off-
line, will be implemented in C or Visual Basic and added to the microbeam software. Cell
recognition in the reconstructed images will operate similarly to the existing procedure with
minor modification described in Section 7.1.3. The automatic focus adjusting routine described

in Section 7.2 will be performed after each stage motion step prior to the image acquisition.

7.2 Automated focusing

The vertical range of fringe visibility depends on the coherence length, which is defined by

the spectral width of the band-pass filter, on variations in the thickness of the window, flatness
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etc. The coherence length with the 540/25 filter is 5.1 um (see Chapter 3 for more details).
Usually, about 10 to 18 interference fringes are visible, which corresponds to range of fringe
visibility of 2.7 to 4.9 um. The dish is positioned on the stage manually, and some slope is
possible; in addition, the substrate can be attached to the dish at a slight angle because of
variations of the thickness of adhesive. As a result, the difference in the vertical position of the
sample across the sample dish can be as high as tens of microns. To avoid possible loss of

interference, an automated focusing procedure may be necessary.

It is possible to implement a focusing routine as follows. The stage moves vertically step-
wise through the range of heights which includes the position of focus. An interferogram would
be taken at each step. Then, the fringe contrast would be analyzed and the position of the highest
contrast determined. This position would be set for image acquisition. The fringe contrast is
proportional to the ratio of the peak-to-peak variation to the average image intensity and can be

calculated according to the formula (90, 91):

I o
C — max mln’

Imax + Imin

where 1,4, and I,,,;,, are the maximum and minimum pixel intensities of the filtered image.

7.3 Alternative ways of splitting the polarizations

7.3.1 Using two sensors

In Chapter 6 we described possible ways of separation of the orthogonally polarized
components of the interference beam, one of them — with a polarization beam-splitter (PBS,
Figure 7.2a). The separation of the polarization components can also be realized through the use

of a 50/50 non-polarizing beam-splitter (NPBS) and two polarizers, as shown in Figure 7.2b. The
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disadvantage of such arrangement would be a 50% reduction of the light intensity, because half

of the intensity of each beam will be absorbed by a polarizer.

A
-
A

v v

P2

NPBS

a b

Figure 7.2 Alternative setups for separating the orthogonal polarizations: a) a polarization beam-
splitter (PBS) splits the components with orthogonal polarizations; b) a non-polarizing beam-
splitter (NPBS) splits the light independently of polarization and the polarizers P1 and P2
transmit only the components parallel to their respective polarization axes. The arrows indicate
polarization in the plane of the figure while the dots denote polarization perpendicular to the
plane of the figure.

7.3.2 Using a single sensor

A possible single-camera arrangement can be realized, for example, with a commercial
system called Optosplit (Cairn Research Ltd, Faversham, UK). The Optosplit system is designed
for fluorescent applications to facilitate simultaneous acquisition of up to three images in
different wavelengths on a single camera sensor. The schematic of the two-wavelength design is
shown in Figure 7.3. The light beams with different wavelengths are separated by a dichroic and
pass through band-pass filters. A system of mirrors is used to send the two beams to a single
camera. The displacement of one beam with respect to the other is done by slight tilting of the

dichroic mirror (92). The Optosplit has control knobs for aligning the images on the sensor. The
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system can be attached to a microscope with a C-mount and has a C-mount output for the

camera.
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Figure 7.3 The Layout of the Optosplit system. The components formed by light of different
wavelength are separated in the infinity space and directed to a single sensor with the use of a set
of tilted mirrors. Reproduced from “Optosplit II. Dual Image Splitter. Installation and Operating
Instructions”, a manual © Cairn Research Ltd, with permission.

To adapt this system for polarization splitting, the dichroic mirror can be replaced by a non-
polarizing beam splitter and the band-pass filters — by polarizers. Alternatively, a polarization

beam-splitter alone can be used in place of the dichroic mirror.

7.4 Realization of Simultaneous Immersion Mirau interferometry with

quarter-waveplates.

7.4.1 Implementation

The simultaneous imaging with a Mirau interferometer can be implemented with A/4-
waveplates (instead of A/8 wavepates) and polarizers. The light should be linearly polarized. A
M4 waveplate is placed in the test arm of the interferometer, with its axis at 45° to the direction

of polarization (Figure 7.4). After passing through the waveplate twice, the test beam will be
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polarized orthogonally to the reference beam. The interferometer is followed by another quarter-
wave plate that makes both beams circularly polarized. If a polarizer is placed on the output of
the interferometer, a phase shift is created between the test and reference beams, depending on
the orientation of the polarizer: if the polarizer is oriented at an angle a, there will be a 2a phase
shift between the test and reference beams. Using polarizers at angles 0°, 45°, 90° and 135°, the
interferograms with phase shifts of 0°, 90°, 180° can be obtained. If polarizing elements are
arranged in an array of pixels, each pixel consisting of four elements, it is possible to record four
simultaneous interferograms using collinear test and reference beams. Such an array of

polarizers, called a pixelated phase mask, is described in Brock et.al. (71).
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Figure 7.4 Schematic of the polarization Mirau imaging system with A/4-waveplates.
7.4.2 Transformations of polarization components

The transformations of the light polarization can be shown using Jones vector representation.

Suppose the incident light is polarized at 45° to the x-axis:

N 1
E =ﬁ@)-
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A N4 waveplate, with its fast axis horizontal (at 45° to the polarization of light) is represented by

the matrix
(1 0
After the test beam passes through the waveplate twice, it becomes
E=( 26 D50=-5)
N N I VA AN VAN AT

i.e., orthogonal to the reference beam. When the output light of the interferometer passes through

another A/4 waveplate, also at 45° to the light polarization, it becomes
B=( %) 5()=-50
which is left-handed circularly polarized (see Section 6.2.1), and the reference beam becomes
5= %) 50=5)
or right-handed circularly polarized.
The Jones matrix for a horizontal linear polarizer is

Nipp = ((1) 8),

and for the linear polarizer at an angle a is

N, = R(&)N,;pR(—a) = (COSO‘ —sin 0!) . (1 0) ( cosa  sin a)

sina cosa 0 0 —sina cosa
_ ( cos’a cos a sin a)
cosasina sina

After passing through the polarizer, the test beam becomes
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EM _ ( cos’a cos a sin a) i(l) _ i(cosa +isina) (cos a) _ el® (cos a).

cosasina  sin‘a N sina/ ~ 7 \sina
Similarly, the reference beam is
=" 2 i 11 1 . cosay e rcosa
E; =( cos @ C°S.“§’m“)-—( .)=—(Cosa—Lsma)( ) ): ( ) )
cosasina sina V2\=i/ 2 sina V2 \sina

The test and reference beams are now linearly polarized at an angle a and the phase difference

between them is 2a. So, each element of the phase mask will create a pixel of an interferogram

with 0°, 90°, 180° or 270° phase shift.

7.4.3 Compensation waveplate

It can be shown that if a compensation A/4 waveplate is added to the reference path. The axis
of the compensation waveplate should be aligned with the light polarization, i.e., at 45° to the x-

axis. The matrix, representing a A/4 waveplate at 45° is
1 -1y ooy 11 o1y 1pa—i 140
N%,4s°_ﬁ(1 1) (o —i> ﬁ(—1 1)_5(1+i 1—i)'
After passing of the light through this waveplate its polarization does not change:
E=1(1—i 1+i)_i(1) =i(1)
2\1+i 1-i/ 2\ Z\1)

After passing the second quarter-wave plate twice, the polarization vector of the test beam will

1

be equal to Et’) =5

(_11) (see above). After passing through the first wave plate for the second

time the light vector becomes:

.TT
—nr 11— ! —i 2
Be :§(1+; 13)5(—11):\/_%(—11):%(—11)
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i.e. the polarization of the test beam will still be orthogonal to the polarization of the reference
beam with an additional phase shift of % Since this phase shift is an additive constant to both

components of the test beam, the phase shifts between the resulting interferograms will remain
the same as in the case when the quarter-waveplate is placed only in the test arm. Hence, we can

introduce two quarter-wave plates without any changes to the processing algorithm.

7.4.4 Preliminary results

Preliminary experiments have been conducted using the custom Mirau interference
attachment with a single A/4-waveplate placed in the test arm and a pixelated phase mask
provided by 4D Technology Corporation (Tucson, AZ) (71). The system was tested with the
breadboard optical setup, described in Section 6.3.1. The polarized light was produced by a
mercury light source, a polarizer and a 540/25 band-pass filter. To introduce the phase
retardation to the test beam, a 16-pum-thick mica quarter-wave plate (B&M Mica Co., Inc.,
Flushing, NY) was attached to the sample with its axis at 45° to the direction of the light
polarization. Fixed TK-6 cells (lymphoblasts) on glass slides without coverslips were imaged in
air. The interferometer produced two orthogonally polarized beams. A quartz quarter-waveplate
was placed in front of the camera to convert the orthogonal polarizations into two circular
polarizations in opposite directions suitable for the input of the phase-mask. Figure 7.5 shows an
image of the cells produced by the preliminary system. The pixelated phase mask was bonded to
the sensor of an Illunis MMV1010 camera. Four phase-shifted interferograms were acquired and

processed by 4D Sight software (4D Technology).
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Figure 7.5 Simultaneous Mirau image of fixed TK6 cells plated on a glass slide. No coverslip or
medium was used. The image was reconstructed from four interferograms that were created
simultaneously during a single image capture using the Mirau interference attachment, A/4-
waveplates and the pixelated phase mask. Courtesy of 4D Technology Corporation.

7.5 Elimination of spherical aberrations

One limitation of the current design is that the optics of Leica 50x objective is corrected for
spherical aberrations caused by 2 mm of glass, as it was designed for use with the interferometric
attachment in air. Filling the attachment with water and immersing introduces more spherical
aberrations and the image quality degrades. An improvement would be to use a microscope

objective with the optics corrected for imaging through water.

We have tested a Nikon 40x water-dipping objective (CFI Apo 40XW NIR, Morrell

Instrument Company, Melville, NY) with the working distance of 3.5 mm. To accommodate the
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attachment within this working distance, we had the reference mirror coated directly onto the

nosepiece of this objective. The work was done by Newport Thin Film Laboratory (Chino, CA).

A special attachment, mountable on the Nikon 40x water-dipping objective, was designed
and made in-house (Figure 7.6). Both IMI and SIMI approaches were tested with this apparatus.
Figure 7.7 shows the schematics of both setups. Both approaches produced interference fringes.

The attachment was designed and built at the Design and Instrument shop by Gary Johnson.
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Figure 7.6 Immersion Mirau interference attachment designed to be mounted onto a Nikon 40x
water-dipping microscope objective.
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Figure 7.7 Schematics of (a) IMI and (b) SIMI designs utilizing a Nikon microscope objective
corrected for water immersion. The reference mirror is coated directly onto the objective.

To make the test and reference optical paths identical, the thickness of glass in both paths
should be the same. This implies that the windows should be on both sides of the beam-splitter.

We should account for 1 mm depth of the well of the microbeam dish and allow some clearance
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between the front face of the interferometer and the bottom of the dish. In the case of IMI
(Figure 7.7a), the maximum thickness of windows that would allow this configuration was 0.3
mm. In the case of SIMI (Figure 7.7b), polymer and adhesive are introduced to the optical paths
in addition to the glass. To save space, all optical components were built in a single assembly
(Figure 7.8). The maximum allowable thickness of glass was 0.2 mm. The glass was produced
by Perkins Precision Developments, LLC (Platteville, CO), the coatings were done by Laseroptik
GmbH (Garbsen, Germany) and the lamination with the polymer waveplates was done by Bolder

Vision Optik (Boulder, CO).

Glass (0.2 mm) polymer waveplate (0.157 mm)

- /

/ \
Beam-splitter coating Epoxy (0.03 mm)

Figure 7.8 A 4-window assembly with polymer waveplates for use with a water-dipping
objective. The total thickness of the assembly is approximately 1.264 mm.

The disadvantage of placing the reference mirror onto the objective is that the interferometer
cannot be tilted to align the reference surfaces with the surface of the sample — if the beam-
splitter is tilted with respect to the reference mirror, then the reference beam, reflected off the
beam-splitter, and the test beam, transmitted through the beam-splitter, will not be parallel to
each other and the interference will be lost. With this configuration, it is the sample plane that

needs to be adjusted to be parallel to the reference surfaces. Implementation of this design would
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require a stage with rotational capabilities in addition to the lateral motion. This would require a

significant redesign of the microbeam endstation.

Future work involves selection or design of the objective that would not introduce spherical

aberrations when used for SIMI.
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Chapter 8 Automated image analysis for high-throughput
biodosimetry: a spin-off from the cell recognition

developments

8.1 Introduction

The operation of the microbeam cell targeting software is based on fast automated image
acquisition, processing and detection of cells. Our expertise in this area gave rise to a spin-off
development of the imaging system for the Rapid Automated Biodosimetry Tool (RABIT) (93,

94).

RABIT is an automated, robotic-based, ultra-high-throughput biodosimetry workstation,
developed at the Center for High-Throughput Minimally Invasive Radiation Biodosimetry for
screening hundreds of thousands of people to estimate the doses received in the case of a large-
scale radiological event (95, 96, 97). The dose received by each individual is based on the

analysis of 30 pl samples of peripheral blood obtained from a single fingerstick (98).

To evaluate the effects of agents on living organisms, biological assays are performed. The
RABIT utilizes two well-characterized biodosimetry assays: y-H2AX (99, 100) and Cytokinesis-
Block Micronucleus (CBMN) (101). In this study, which focuses on the CBMN assay, we have
developed image analysis software that will rapidly analyze the images produced by the imaging
module of the RABIT and gquantitate the micronucleus (MN) yield in irradiated blood samples. In
this Chapter the developed algorithm for detecting and scoring the frequency of micronuclei in

binucleated cells is presented and validated by generating dose-response curves.
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8.2 Background

8.2.1 Overview of the RABIT workstation

The operation of the RABIT is fully automated. The lymphocytes are robotically extracted
from the fingerstick capillaries, plated in multiwell plates and undergo biological processing
including culturing, fixing and staining. The cells are then transferred to substrates that are
designed to be compatible with high-throughput imaging. In the automatic imaging system
module, the samples are imaged and analyzed and the dose estimate is produced. The images are
collected from the sample of each individual until the desired statistics are reached; then analysis

is begun on the next sample.

The RABIT is currently capable of processing 6,000 samples a day with development in
place to achieve an ultimate throughput of 30,000 samples a day. This high throughput was
achieved by incorporation of the following innovations: (a) using only a fingerstick of blood (30
ul), (b) complete robotic-based assay processing and imaging in multi-well plates, and (c) novel,
high-speed imaging techniques (96, 97). The imaging module of the RABIT incorporates three
novel techniques for accelerated image acquisition: (a) use of light steering by fast galvanometric
mirrors instead of sample motion, (b) single-step auto-focusing and (c) simultaneous use of

multiple cameras for dual-labeled samples.

8.2.2 Micronucleus assay

Micronuclei (MNi) are small, generally round objects in the cytoplasm of the cells outside of
the main nucleus. They represent chromosomal fragments or whole chromosomes that are not
incorporated into the daughter cells after nuclear division (101, 102). The frequency of

micronuclei in the cells is indicative of the dose received. The use of MNi as a biomarker of



140

chromosomal damage was first suggested independently by Heddle (103) and Schmid (104) in
1973. Micronuclei are normally expressed during mitosis. In 1985 Fenech and Morley
introduced the use of cytochalasin B as a cytokinesis inhibitor to differentiate between cells that
have divided once, or binucleated (BN) cells, and cells that did not divide or divided more than
once (102). The CBMN test is easy and reproducible (101, 105) and has become one of the

standard tests for genotoxicity assessment (106, 107).

There has been great demand for automation of the CBMN assay. Automation would
increase throughput, enable better statistics, more objective counting and higher reproducibility
(108, 109). Various approaches have been suggested to identify MNi in BN cells. One approach
is to detect nuclei, then estimate the boundaries of cells based on the information about the
locations of the nuclei (108, 110). The disadvantage of this method is that the nuclei may be
falsely assigned to a cell. Another approach is to use cells as detection units and to look for
nuclei in each detected cell. This can be realized either by applying different threshold levels to
an image stained with a single dye that labels both the nuclei and the whole cells (for example,
Giemsa) (MIAZ platform — 109, 111, Magiscan — 112, Pathfinder Cellscan — 113 and BNCTEST
— 114) or by counterstaining the cytoplasm (software utilizing Matrox platform - 115 or
Cellomics - 116). The advantage of visualizing both nuclei and cytoplasm is that it enables
matching the nuclei with their corresponding cells, allowing for a more precise identification of

BN cells.

The RABIT system utilizes dual staining of the nuclei and cytoplasm and images them
simultaneously with multiple cameras, allowing for high throughput. The image analysis
algorithm is based on separate analyses of the images of cytoplasm and nuclei; the cell

cytoplasm is the starting point of the analysis.
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8.2.3 Health effects of different doses of ionizing radiation. Triage

The absorbed dose is the energy of ionizing radiation deposited per unit mass of matter (34).
The dose is measured in gray (Gy) which is defined as one Joule per kilogram (1 Gy = 1 J/kg).
During triage, the decision about an individual’s hospitalization and treatment is made. Low
doses, below 2 Gy, cause only transient health effects (117) and outpatient care is recommended
(118). Exposures above 2 Gy result in hematopoietic syndrome (34, 119), when the bone marrow
function is suppressed. Treatment in this case requires hospitalization, as about half of the
exposed people could die after receiving a dose of 3.5 Gy when medical care is not provided,
while with appropriate care mortality is low (118, 119). The dose above 10 Gy is almost always
lethal due to gastrointestinal syndrome, multisystem organ failure, bleeding and sepsis, and only
symptomatic care is possible (34, 117, 118). Between the doses of 8 and 10 Gy, bone marrow
transplantation is considered as a treatment option (34, 118). Below 8 Gy spontaneous bone

marrow recovery is still possible and the risk of graft vs. host disease is high (118, 120).

8.2.4 Frequency of mononucleated cells as an additional endpoint

The applicability of CBMN assay varies with the dose. The average number of MNi in BN
cells is known to be a reliable indicator of the dose for low (1-2 Gy) and intermediate (3-5 Gy)
doses of radiation. However, this parameter plateaus or even declines for doses higher than 6 Gy
due to cell cycle delay (121). This suggests considering additional endpoints when high dose is
suspected. The design of the software developed allows for the detection of cells with different
numbers of nuclei. Because the proportion of mononucleated (Mono) and BN cells in the total

cell population is indicative of proliferation rate, in this study we have also explored the
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possibility of using the ratio of Mono to BN cells at higher doses of radiation when MNi

frequencies are not sufficient for dose estimation.

8.3 Materials and methods

8.3.1 Blood collection and irradiation

The following experiments, designed to develop image analysis for the RABIT, were done
outside of RABIT while it was under development, using the accepted CBMN protocol. With
informed, IRB-approved consent, peripheral blood from seven healthy volunteers was collected
by venipuncture into vacutainer tubes containing sodium heparin (Becton Dickinson and
Company, Franklin Lakes, NJ). The total volume of blood collected was 10-12 ml (5-6
vacutainer tubes) per donor. Samples of whole blood were individually irradiated with 2 to 10
Gy using a Gammacell 40 *¥Cs irradiator (Atomic Energy of Canada, Ltd.) at a dose rate of 0.84
Gy/min. The total doses were 2, 4, 6 and 8 Gy for donors 1 through 4 and 2, 4, 6, 8 and 10 Gy for
donors 5 through 7. One vacutainer tube from each donor was maintained as an unirradiated

control.

8.3.2 Lymphocyte culture and slide preparation

Whole blood samples (2 ml) from each vacutainer tube were diluted in pre-warmed RPMI
medium 1640 with Glutamine (20 ml) containing phytohaemagglutinin (PHA, final
concentration 20 upg/ml; Invitrogen, Carlsbad, CA) supplemented with 1% penicillin-
streptomycin (Invitrogen) and 10% heat-inactivated fetal calf serum (Invitrogen). The cells were
cultured and maintained in a humidified atmosphere with 5% CO,. Following 44 h of incubation,
cytochalasin B (Cyt-B; Sigma, St. Louis, MO) was added to the culture medium at a final

concentration 6 pg/ml. The culture was maintained for 26 h in order to arrest cytokinesis and
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induce the formation of once-divided BN cells. To harvest lymphocytes, the samples were
centrifuged at 1000 rpm for 10 min and the supernatant was discarded. The cells were treated
with pre-warmed hypotonic solution of KCL [0.075 M] (Sigma-Aldrich, St. Louis, MO) for 10
min. The reaction was stopped following the addition of 2 ml of ice-cold methanol:acetic acid
solution (ratio 3:1). The cells were centrifuged at 1000 rpm for 10 min, the supernatant aspirated
and the cells fixed with methanol:acetic acid (ratio 3:1). The cells were washed with fixative two
additional times. After the final centrifugation, the cells were re-suspended in ~0.5 ml of fixative
and a small drop of lymphocyte suspension was transferred to a clean glass slide. The slides were
dried at room temperature, and stained with CellMask Orange (Invitrogen) at a concentration of
5 pg/ml for 20 min to label the cell cytoplasm. After washing the slides two times with
Phosphate-Buffered Saline (Invitrogen), the nuclei were counterstained with DAPI (4',6-

diamidino-2-phenylindole, dihydrochloride; Invitrogen).

8.3.3 Imaging

The samples were imaged using a Nikon Eclipse 50i epifluorescence microscope with a
Nikon CFI Plan Fluor 60x objective (Morrell Instrument Company Inc., Melville, NY). The
microscope was equipped with a Photonfocus MV-1024 CMOS camera (Upstate Technical
Equipment Inc, East Syracuse, NY) and a Solios Camera Link Dual Base frame grabber (Matrox
Electronic Systems Ltd, Dorval, QC, Canada). The samples were illuminated using an X-Cite
120 Series mercury vapor short arc lamp (EXFO, Life Sciences & Industrial division,

Mississauga, Ontario, Canada).

A pair of images was consecutively acquired for each field of view — one through a Nikon

UV-2E/C fluorescent filter set (Morrell) to visualize DAPI-stained nuclei and another through a
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Nikon TRITC HYQ filter set (Morrell) to visualize the outline of the cytoplasm stained with
CellMask Orange. This imaging procedure is consistent with the image-grabbing procedure in

the RABIT and generated images of similar contrast and resolution.

8.3.4 Data collection and analysis

Two sets of images were acquired — one for analysis of MN frequencies and one for analysis
of the ratios of the Mono to BN cells. The first set contains data from all seven donors. The
second set was taken from the samples of three donors and consists of random fields of view

containing Mono or BN cells. Both sets were analyzed manually and automatically.

Manual scoring was done by inspecting all of the images in both sets. The number of BN
cells, the number of BN cells with MNi and the number of MNi in BN cells were scored in the

first set; Mono and BN cells were scored in the second set.

The same images were then processed and scored automatically using the developed software
described below. The information presented to the user after the analysis of each dose-point
included the numbers of Mono and BN cells, the numbers of Mono and BN cells with MNi, and
the total numbers of MNi in both groups of cells. This information was used to compute MNi

frequencies in BN cells for donors 1-7 and the ratio of Mono to BN cells for donors 5-7.

Software development and image analysis were performed on a Dell Latitude laptop with an
Intel Core 2 Duo 1.83 GHz processor and 2 GB SDRAM. Image acquisition and timing of the
software components were performed on a desktop computer with an Intel Core 2 Quad 2.40
GHz processor and 3.21 GB of RAM. The obtained dose-response curves were created using
Excel (Microsoft Corp, Redmond, WA) and the curve fittings were performed in OriginPro 8.1

(OriginLab Corporation, Northampton, MA).
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8.4 Design

8.4.1 Software platform

The RABIT image analysis software for scoring MNi was written in C, using the Matrox
Imaging Library (MIL 8.0; Matrox Imaging Systems Ltd, Dorval, QC, Canada). The MIL
consists of modules: Image Processing, Blob Analysis, Buffer Module, etc. We used the Image
Processing module for arithmetic operations with images, distance transformation and watershed
transformation. In the Blob Analysis module all cells and nuclei are identified as “blobs”, or
connected regions of pixels within an image with intensity values different from the background
intensity. This module allows measuring various properties of blobs, such as area, perimeter,
center of gravity, pixel intensity, etc. These properties can be stored in arrays and, based on their

property values, individual blobs can be excluded from or included in the analysis.

8.4.2 Image preprocessing

The two images corresponding to nuclei and cytoplasm are first subject to background
subtraction. An image of a region from the same sample, taken far enough out of focus so that no
features are visible, is subtracted from the in-focus image of each field to remove the systematic
noise and variations of the background illumination across the field of view. The background

subtraction is followed by application of a median filter to remove “salt-and-pepper” noise.

8.4.3 Automatic thresholding of the images of nuclei

The next step is segmentation of the nuclei and cells by binarization. In the MIL, the
automatic threshold level is the minimum value between the two principal peaks on the image

intensity histogram. When applied to the images of lymphocytes stained with DAPI, the
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automatic thresholding procedure causes some MNi to disappear in the binarized image because
the staining intensity of MNi is lower than that of the main nuclei (Figure 8.1a). Moreover, the
staining intensity of MNi varies between individuals, from dose to dose and from cell to cell;
hence there is no constant value for the ratio of the threshold for MNi to the threshold for the

main nuclei.

Figure 8.1 Iterative thresholding of the nuclei of a binucleated cell with a micronucleus: a)
original image of the DAPI-stained nuclei — the micronucleus has lower staining intensity; b)
automatic thresholding using the image histogram — no micronucleus visible; c¢) masking
iteration 1 - original image, masked with the binary version; d) binarized version of c); e)
combination of b) and d) — still no micronucleus; f) masking iteration 2 - original image masked
with e); g) binarized version of f); h) combination of ) and g).

To make the detection of MNi less dependent on variations in staining intensity, we
developed the following iterative procedure. First, the standard MIL automatic thresholding is
applied to the image of the nuclei (Figure 8.1b). The nuclear objects from the subsequent
binarized image are used as a mask to cover the brightest regions of the nuclei in the original
image (Figure 8.1c). This is equivalent to removing the principle peak with the highest pixel

intensity values from the histogram. Then the resulting image is also binarized (Figure 8.1d). The
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dimmer areas now appear on the binarized image. The result of this binarization is combined
with the previous binary image to form a new mask and the entire procedure is repeated (Figure

8.1e-h).

When the nuclei are binarized at a threshold level sufficient to visualize MNIi, their contours
become foreground and they appear larger than their apparent size on the grayscale image and
they have noisier edges. This not only complicates separation of the main nuclei, but also leads
to “merging” of the main nuclei with the closest MNi. To eliminate this drawback, we modified
the iterative thresholding procedure described above. First a sufficient number of iterations are
performed to detect the nuclei (the iteration number can be determined experimentally). After
that, all objects with areas greater than a specified nuclear area are excluded in the following
iterations — the iterative thresholding operation is only applied to the smaller objects that could
be MNi. Effectively, with this technique the nuclei and the MNi are binarized at different
threshold levels. For the present study, 2 iterations were sufficient to identify nuclei and 3 more
(5 total) — to visualize MNi while keeping the area of each binarized nucleus constant. In
addition to keeping the binarized nuclear area constant, this technique increases MNi count

because of the improved separation of the MNi and nuclei.

8.4.4 Selecting a thresholding algorithm

To select the most suitable thresholding method for individual iterations, we compared the
standard thresholding operation provided in the MIL library to two widely used thresholding

techniques: Otsu’s method (122) and the method proposed by Ridler and Calvard (isodata, 123).

In the MIL the threshold level is determined as the minimum value between two principal

peaks of the image intensity histogram. According to the Otsu thresholding technique, the
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optimal threshold value is determined by maximizing a criterion value of separability of the
background and object classes (constructed using between-class and within-class variances). In
the iterative procedure of Ridler and Calvard, the background and object pixels are integrated
separately and the average of the integral values gives an improved estimate of the threshold

with each iteration.

All algorithms were implemented in C and tested in comparison to the MIL thesholding
routine. For the evaluation, the processing speed and the proportion of the detected MNi were
measured for each algorithm (94). Following these criteria, the MIL thresholding routine was

selected for this study as optimal in terms of speed and versatility.

8.4.5 Separation of touching nuclei

The last step of the processing of the nuclear images is separation of touching nuclei (Figure
8.2a). This is done by application of a distance transformation and a watershed transformation to
the binarized image, shown in Figure 8.2b. The distance transformation assigns a value to each
pixel of an object that is equal to the geometric distance to the nearest background pixel. This
operation creates a topographical map with the “highest” points being the central pixels of the
objects and the “lowest” points the pixels in the background. The watershed transformation
builds dividing lines between the maxima’s zones of influence (Figure 8.2c). The map with the
dividing lines is combined with the binarized image to form an image with the separated objects
(Figure 8.2d). The operation is applied only to separate touching nuclei but not touching cells in

order to restrict the analysis only to isolated cells.
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C

Figure 8.2 Example of the separation of touching nuclei: a) original non-binarized image of
nuclei; b) binarized image before the separation of nuclei; ¢) boundaries produced by the
“watershed” procedure; d) binarized image with separated nuclei.

8.4.6 Automatic thresholding of the image of cells

In many of the observed images from the cytoplasm channel, the nuclei have higher intensity
than the surrounding cytoplasm (Figure 8.3a). In these cases the standard histogram method of
binarization may result in an incorrect segmentation of the cells from the background (Figure
8.3b). The performance of the standard binarization technique is also limited when there is

residual staining of the background.

To calculate the correct threshold intensity for cell segmentation, we developed the following

procedure. The binarized image of the nuclei (Figure 8.3d) is used to estimate the location of the
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cytoplasm. First, ring-like-shaped areas with pre-defined width are drawn around the nuclei
(Figure 8.3e). The width can be determined experimentally and is defined by the average size of
the cytoplasm. Next, a mask image is created, allowing only the outside vicinities of the nuclei to
be visible. This mask image is overlaid on the cell image (Figure 8.3f). The intensities of the
pixels of the cell image, located in the areas around the nuclei, are averaged. The average value

approximates the intensity of the cell boundaries and is used as a threshold for binarization of the

cell image (Figure 8.30).

Figure 8.3 Thresholding of the cytoplasm image: a) original image of the stained cytoplasm of a
binucleated cell; b) binarized image of the cytoplasm when the standard thresholding method
(using the image histogram) is applied; c) original image of the nuclei and a micronucleus; d)
binarized image of the nuclei; €) mask image, outlining the vicinities of the nuclei; f) mask
image from panel e) overlaid on the cytoplasm image from panel a); g) image of the cytoplasm
binarized using the threshold obtained by averaging of the non-zero pixels of the image from
panel f). This approach provides better localization of cytoplasmic boundaries than the standard
thresholding technique, illustrated in b).
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8.4.7 Selecting viable cells

The scoring of micronuclei and the algorithm development were based on the standard
criteria published by the International Collaborative Project on Micronucleus Frequency in
Human Populations (124). The criteria require that only viable BN cells are scored. The viable
cells have intact cytoplasm and so are approximately circular in shape. The nuclei are also
circular or oval in shape and are approximately of the same size. To select cells according to
these criteria, we used blob parameters in the MIL describing the morphology of the cells and

nuclei: area, compactness, roughness, elongation, and Feret elongation.

Obijects that are too small or too large to be counted as cells are excluded from the analysis.
The minimum acceptable cell area was set to 2000 pixels, which corresponds to about 60 ;,Lmz;
the maximum cell size is 120000 pixels (350 um?). The compactness parameter is equal to
p%/(4z4), where p is the perimeter and A is the area of an object. Compactness describes how
close the shape of an object is to a circle; it is equal to 1 for a circle and is greater for more
convoluted shapes. Objects that are not sufficiently circular (e.g., cell clusters or aggregations of
platelets) are removed from further consideration. Elongation and Feret elongation are measures
of the shape of an object which are accurate for different types of objects — elongation for longer
blobs and Feret elongation for more compact ones. Roughness describes how rough the blob is; it
is equal to the ratio of perimeter and convex perimeter. A smooth convex object has roughness as
low as 1.0. Restricting the acceptable morphological parameters of a cell allows for elimination
of clusters of cells and debris from the analysis. In order to avoid situations when a cluster is
round enough to be falsely identified as a cell, the software calculates the ratio of the “cell” area
to the area of its largest nucleus. If the nuclear objects are too small compared to the

corresponding cytoplasmic object, it is likely a cluster.
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This method of selecting viable cells based on the parameters described above was visually
confirmed and proved to be sufficiently reliable for eliminating clusters, debris, cellular and
nuclear fragments, and remnant aggregations of platelets, as well as cells with incorrectly
separated nuclei. All chosen values depend on various characteristics of the imaging system,
such as magnification, resolution, signal-to-noise ratio, etc. All the values are stored in a separate

file and can be easily modified by the user.

8.4.8 Automatic identification and scoring of micronuclei

If a cell appears to be viable, the analysis continues to identify its nuclei and to score them as
well as MNi. The area of the MNi in binucleated human lymphocytes varies between 1/256 and
1/9 of the area of the main nuclei (101, 124). Because the cell and nuclear sizes may each vary
even in a single field of view, this criterion can only be applied to the nuclei of the same cell.
Thus, after cells have been selected for analysis based on their size and compactness, the cells

are analyzed one-by-one to find nuclei.

To determine which nuclei in the nuclei image belong to a particular cell in the cytoplasm
image, the coordinates of the centers of gravity of the nuclei in the nuclear image are matched
with the cell outlines in the cell image. If the center of gravity of a nucleus is not located within

the cell boundary, the nucleus is excluded from the analysis.

The number of nuclei in a single cell and their areas are calculated and the nuclei are sorted
by size. After that, the areas of all nuclei are calculated as fractions of the area of the biggest
nucleus and all nuclei are divided into two categories: the main nuclei and the micronuclei. The
numbers of the main nuclei and the MNi are recorded. If the cell has one, two or more than two

nuclei, the number of mono-, bi- or multi-nucleated cells is incremented. Similarly, if the cell has
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MNI, then the number of micronucleated Mono, micronucleated BN or micronucleated cells with
multiple nuclei increases and the number of MNi is added to the total number of MNi in the
corresponding category of cells. All information is accumulated as the analysis continues from
frame to frame. The analysis of the sample terminates either when a preset number of BN cells is

scored or when a certain set of images is analyzed.

8.5 Results and discussion

Figure 8.4 shows the dose-response curves for the frequencies of micronuclei obtained by
automated (solid line) and manual (dashed line) counting for donors 4, 5 and 6. The curves are
representative of the typical change of MN frequencies with increasing dose. The increase of
MN frequency is usually observed up to doses of 6-8 Gy. The dependence on dose is linear-
quadratic between 0 and 4 Gy. This was confirmed by error-weighted linear-quadratic fittings of
the dose responses for all donors. At higher doses the curvatures change and the functions level-
off or even decline. This phenomenon is due to the cell cycle delay when high damage is present

(121).

The individual dose responses vary in sensitivity and this variability could be anticipated.
Studies show that there exists an inter-individual variability in the baseline MNi frequency and
radiosensitivity related to age, gender (125), smoking status, occupational exposure (126), as

well as health status (127).
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Figure 8.4 Number of micronuclei per binucleated cell for donors 4, 5 and 6. Solid and dashed
lines represent the results of automated and manual counting, respectively. The error bars
represent Poisson error.

The developed software adequately identifies the cells, nuclei and micronuclei. The
automated dose-response curves are sufficiently close to manual curves. The detection efficiency
of MNi is above 69% for individual donors and above 92% for the average of seven donors. In
Varga et al. (110), the absolute MNi frequencies detected by the automated analysis range from
33% to 38% of the manually found values for the means of 20-27 individuals. In Willems et al.
(128), the MNi detection rate was from 71% to 89% at 0.5-3 Gy for the average of 10 donors. In
Decordier et al. (113), the percentage of automatically detected MNi was 46%-62% of those

counted manually at 1 to 3 Gy.
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There is a significant correlation between manually and automatically acquired data. The
regression analysis performed on the combined MNi frequency data from all donors shows the
correlation between automated and manual scoring R?=0.963 (Figure 8.5). The individual
correlation coefficients R? of MN frequencies for seven donors range from 0.914 to 0.998.
Similarly, in other studies, the linear correlation coefficient R? between manual and automated
scoring was 0.83 for 0-2 Gy in Varga et al. (110), 0.917 for 0-3 Gy range in Willems et al. (128)

and is 0.970 for 1-3 Gy in Decordier et al. (113).
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Figure 8.5 Regression plot of the MN frequencies for all donors for automatic vs. manual
scoring.

The ratios of Mono to BN cells increases with dose for the entire range of 0 to 10 Gy with the
exception of the 10 Gy point of donor 6 (Figure 8.6). This increase could indicate the delay in

cell cycle progression in the presence of DNA damage, which influences the production of BN
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cells. The monotonically increasing dose-dependence of the ratio of mono- to binucleated
lymphocytes suggests that this endpoint could potentially be taken into account as an additional
parameter for dose-assessment purposes. The individual correlation coefficients R? between the

manual and automated analysis of the Mono/BN ratio range from 0.975 to 0.993.
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Figure 8.6 Dose response of the ratios of the number of mono- to binucleated cells for donors 5,
6 and 7 (solid lines — automated and dashed lines — manual scoring). The error bars represent
Poisson error.

8.6 Conclusion

We have developed software for automated scoring of the frequency of MNi in binucleated
lymphocytes. This software is designed to function as an image analysis module for the MN
assay in the Rapid Automated Biodosimetry Tool. The ability of the presented automated system
to detect MNi is comparable or superior to that of other available systems. Our investigated dose

range was larger than in the other studies involving automated systems. To our knowledge, this
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is the first time that automated scoring successfully quantifies MNi at high doses. We believe the
reason that our MNi detection software is a significant improvement over its counterparts is the
new thresholding mechanism combined with the morphological analysis of cells and nuclei.
Having originated from the automatic high-throughput image analysis at the RARAF microbeam
endstation, the advances of this development may in turn contribute to the microbeam

capabilities.
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Chapter 9 Conclusion

In response to the requests of RARAF users for a non-invasive imaging technique, we have
developed Immersion Mirau Interferometry (IMI) for imaging live cells using reflected light with
the possibility of imaging in medium. No fluorescent staining or UV illumination are required,
which eliminates possible phototoxic damage. This increases the sensitivity of results of

irradiation experiments.

While the work on IMI was underway, a need arose for a vibration-insensitive technique. We
have developed such technique — Simultaneous Immersion Mirau Interferometery, which is
based on the simultaneous acquisition of multiple interferograms. The simultaneous imaging is
enabled by using polarization optics to encode multiple phase shifts into a single interference
beam. We designed a new attachment, incorporating polarization elements into the optics. The
reference and beam-splitting surface coatings were selected so that they do not affect the
polarization state of the incident light. The design of the SIMI optics is compatible with the
immersion mode. The hardware needed to incorporate the SIMI module into the microbeam

endstation was constructed in our machine shop.

Live cells were imaged with IMI and SIMI. With both techniques, the outlines of cells are
clearly visible by eye and detectable by automated image analysis. The quality of the images is
sufficient to perform microbeam irradiation experiments. Shortly, SIMI will be available to

RARAF users.

To our knowledge, the SIMI apparatus — proposed, constructed and proven in this
dissertation — is the first system for imaging live cells in medium in fully immersion mode

utilizing polarization Mirau interferometry.
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Appendix A Characteristics of the coated surfaces of the

Simultaneous Immersion-Mirau Interferometric attachment

Figure A.1 shows the reflection coefficients as a function of AOI for the s- and p-components
of polarized light of the IBS coatings with reflections 10% and 25% (in air) calculated for the
coatings immersed in water. The reflectance in water is lower than the reflectance in air — for the
10% beam-splitter it lowers down to 3-4% and for the 25% coating it becomes 15%. The
deviation for the s- and p-components at a 25° angle is 1-2% for 10% and about 8% for the 25%
beam-splitter — the same as demonstrated by these coatings in air. According to the available data
the reflectance in water of the 25% EBD coating would increase to 34% with the 12% deviation
between the polarization components. We do not have data for the properties of 10% EBD

coatings in water.
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Figure A.1 Reflectance of the 10% (left) and 25% (right) coatings, submerged in water as a
function of the angle of incidence. Charts are based on data supplied by Laseroptik GmbH
(Garbsen, Germany).

The dependence of the phase shift at reflection on the AOI for the IBS coatings in water is

presented in Figure A.2. The s- and p-components experience the same shift across the whole
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range of the AOI. There is a difference of about 30° in the phase shift for the light incident at 0°
and 25°. This parameter is the same for the 25% EBD coating in water. Figure A.3 presents the
phase shift on transmission: 23° for the 10% coating and 18° for the 25% coating, which is about

1.5-2 times as much as the phase shift in air, but still half as much as that for a similar EBD

coating.
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Figure A.2 Phase change upon reflection for the 10% coating (left) and 25% coating (right) of
the beam-splitters. IBS-type coating was used. The values calculated are for the coatings
submerged in water. Charts are based on data supplied by Laseroptik GmbH.
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Figure A.3 Phase change upon transmission for the 10% coating (left) and 25% coating (right)
of the beam-splitters. The values calculated are for the coatings submerged in water. Charts are
based on data supplied by Laseroptik GmbH.

The surface of uncoated fused silica has a reflectance of 0.21% in water (Figure A.4). The
reflectances of individual components at the maximum AOI differ by 0.15%. According to the
provided data, the phase shift upon reflection is -180° for the p-component, 180° for the s-

component and 0° upon transmission for all AOI.
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Figure A.4 Reflectance in water of the surface of uncoated fused silica. Chart is based on data
supplied by Laseroptik GmbH.
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Figure A.5 Reflectance (left) and phase shift upon reflection (right) of the EBD-type coating of
the reference mirror. The values are calculated for the coating facing fused silica. Charts are

based on data supplied by Laseroptik GmbH.

For the reference mirror, the EBD coating was used. Figure A.5 presents the reflectance (left)

and phase shift at reflection (right) of the mirror coating with the reflective side in contact with

the fused silica window. The reflectance of the coating in air is 99.9%.

The difference in reflection of the s- and p-components at the maximum AOI (20°)

constitutes only 0.06% of the total reflectance. The difference in the phase shift is approximately

18° between the normal incidence and 20° incidence.



