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Preface

Since Dennis Gabor introduced the hologram in 1947, the coherence imaging
approach has been used to generate stunning images and has found application
in diverse fields such as optical recording media and security encoding. With the
development of modern photonics technology, the field of holography has been
greatly advanced with the laborious need for recording and developing photographic
films replaced by the use of digital photography. In fact, the new field of digital
holography has enabled a rapid expansion in the use of coherence methods for
imaging and microscopy, thanks to the development of digital technology and of
some key elements such as high-resolution pixelated detectors in all regions of the
electromagnetic spectrum, from UV to long IR, high-power compact lasers, spatial
light modulators, and especially the increased computational power of modern PC
processors. Moreover, the incredibly improved capability for data storage allows
the possibility of capturing and managing huge numbers of images. In combination
with the development of efficient computational algorithms for image processing
and new strategies for conception and design of optical and optoelectronic systems,
these advances have enabled novel methods for coherent imaging and microscopy
to become useful in biology and microfluidics.

This text seeks to provide an overview of the current state of the field for the
application of digital holography for microscopic imaging. One of the aims of this
book is to present the best “work in progress” in microscopy based on using coherent
light sources to people outside the optics community, to provide readers with the
tools for understanding these novel techniques and thus the ability to judge what
new capabilities will be important and potentially challenging for their research.

The text has been divided into three sections, covering areas of active research in
this field. The first section presents an overview of recent advances in the methods
of digital holography. Subjects examined in this section include the basis of image
formation in digital holography and the role of coherence, such as the degree of
coherence in the illumination. This section also includes discussion of the unique
ability to numerically manipulate the digital holograms to produce additional visual
representations, such as images comparable to those that would be obtained using
traditional phase microscopy imaging methods.

The ability to obtain phase information from the recorded data is a significant
strength of the digital holography approach. The second section of this text focuses
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on novel phase microscopy implementations of digital holography. A clear advan-
tage of digital holography is that quantitative phase information is obtained, address-
ing a shortcoming of traditional phase microscopy methods which make quantita-
tive analysis difficult. In this section, experimental digital holography methods are
discussed which have been developed for specific imaging applications, such as
imaging of microlens arrays. Additional topics include the use of novel devices such
as spatial light modulators and spectral domain detection, as well as application of
phase imaging to biological samples and dynamic phenomena.

The third section of this text discusses current research into improving the per-
formance of digital holography. Topics here include an examination of the nature of
image formation as a means to improve phase retrieval and enhancing the numer-
ical aperture of the collected signal to improve spatial resolution. The ability to
obtain super-resolved imaging information is a compelling topic also covered in
this section. The final chapter shows how coherence imaging can be extended to
three-dimensional applications by using speckle pattern analysis. We wish to thank
Dr. Francesco Merola (CNR-INO) for helping us in the process: his fruitful cooper-
ation has been truly appreciated.

Pozzuoli (Napoli), Italy Pietro Ferraro
Durham, North Carolina Adam P. Wax
Ramat-Gan, Israel Zeev Zalevsky

August 2010
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Part I
Digital Holography



Chapter 1
Point Source Digital In-Line
Holographic Microscopy

Manfred H. Jericho and H. Jiirgen Kreuzer

Abstract Point source digital in-line holography with numerical reconstruction has
been developed into a new microscopy, specifically for microfluidic and biological
applications, that routinely achieves both lateral and depth resolution at the submi-
cron level in 3-D imaging. This review will cover the history of this field and give
details of the theoretical and experimental background. Numerous examples from
microfluidics and biology will demonstrate the capabilities of this new microscopy.
The motion of many objects such as living cells in water can be tracked in 3-D
at subsecond rates. Microfluidic applications include sedimentation of suspensions,
fluid motion around micron-sized objects in channels, motion of spheres, and forma-
tion of bubbles. Immersion DIHM will be reviewed which effectively does holog-
raphy in the UV. Lastly, a submersible version of the microscope will be introduced
that allows the in situ study of marine life in real time in the ocean and shows images
and films obtained in sea trials.

1.1 Introduction

In the late 1940s, more than a decade after Ernst Ruska had invented the electron
microscope, the main obstacle for its practical implementation was the fact that
magnetic electron lenses were far from ideal showing substantial aberration effects.
Compared to optical glass lenses they had the quality of the bottom of a champagne
bottle. It was then that Dennis Gabor [1] came up with the idea that one should get
rid of magnetic electron lenses altogether and use the only “perfect” lens available,
that is a pinhole or point source of a size less than or about a wavelength. From such
a point source a spherical wave emanates within a cone of half angle 6 given by the
numerical aperture NA of a hole

A
nsind = NA = 0.62% (1.1)
r

H.J. Kreuzer (=)

Department of Physics and Atmospheric Science, Dalhousie University, Halifax,
NS B3H 3J5 Canada

e-mail: H.J. kreuzer @DAL.CA; kreuzer @Fizz.Phys.dal.ca

P. Ferraro et al. (eds.), Coherent Light Microscopy, Springer Series in Surface 3
Sciences 46, DOI 10.1007/978-3-642-15813-1_1,
© Springer-Verlag Berlin Heidelberg 2011
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Photographic plate -

Fig. 1.1 The geometry of holography with a point source in Gabor’s Nature paper

where A is the wavelength of the radiation illuminating the pinhole and 7 is its
radius. Such a point source has the additional advantage that the emanating radiation
originates at the same point in space, i.e., it is spatially coherent. Moreover, it is an
expanding wave, i.e., it has perfect magnification build in. Gabor’s original drawing
is reproduced in Fig. 1.1.

Holography in this geometry should be termed more concisely as Point Source
In-line Holography to set it apart from Parallel or Collimated Beam In-line Holog-
raphy advanced after the invention of the laser in the 1960s [2, 3]. Unfortunately,
this distinction is often blurred to the extent that in a popular textbook [4] on holog-
raphy the Collimated Beam geometry is presented as Gabor’s original idea. This
review is solely concerned with point source in-line holography, and apart from a
few historical remarks on electron holography it is exclusively dealing with light as
the primary source of radiation. A schematic more suited for the present work is
given in Fig. 1.2.

Fig. 1.2 Schematic of DIHM: A laser L is focused onto a pinhole P. The emerging spherical wave
illuminates the object O and the interference pattern or hologram is recorded on the screen C. The
solid and dashed lines are reference and scattered wave, respectively
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The light emanating from the point source is propagating to the screen with some
of it being scattered by the object in front of the source. Thus the wave amplitude at
the screen is given by

A(r) = Aper(r) + Ascar(r) (1.2)
and the intensity recorded on the screen becomes

I(r) = A(r)A*(r)

= Aref(r)A:ef(r) + [Aref(r)A;kca[(r) + Ascat(r)A;Fef(r)] + Ascat(r)A:cat(r)
(1.3)

The first term on the right is the intensity of the unscattered part of the reference
wave; the last term is the intensity of the scattered wave; it is the subject of classical
diffraction theory in wave optics. The two terms in the square bracket represent
the interference between the reference and the scattered waves. This is called holo-
graphic diffraction and is the basis of holography.

When are classical or holographic diffraction and interference dominant? Obvi-
ously if the object blocks out most of the reference wave the scattered wave can
only interfere with itself if sufficiently coherent; a double slit configuration is a case
in point. Another example is a simple pinhole camera. In the latter the radius of
the pinhole is typically many times the wavelength to allow more light to get into
the camera chamber. Sunlight or a lamp illuminates the front of the object, and the
reflected light enters the pinhole incoherently. The reference wave (sun or lamp)
does not contribute directly to the image inside the camera.

On the other hand, if the object blocks out only a small part of the reference wave
holographic diffraction is dominant and leads to a complicated interference pattern
on the screen. The fact that the holographic intensity is linear in the scattering ampli-
tude has two important mathematical consequences: (1) the superposition principle
holds, i.e., adding two or many holograms does not lead to a loss of information
as it would for classical optics where double exposure of a photographic film in a
pinhole camera surely reduces or even destroys the information and (2) the scatter-
ing amplitude recorded in the hologram can be traced back to the scattering object
and extracted including its phase. This is essentially the reason why, by an inverse
procedure, one can extract the wave front anywhere at the object thus creating a 3-D
image of the object from a 2-D recording on the screen. How is this achieved?

There are two ways of back propagating a wave through a hologram: experi-
mentally and theoretically. Experimentally Gabor’s idea was to record or transfer
the (electron) hologram onto a semi-transparent film (photographic negative, for
instance) and illuminate it from the back with a spherical converging wave. There
are three problems with this approach:

(a) it is difficult to produce a large enough spherical wave with a lens with-
out encountering aberration effects; (b) the resulting image as viewed through the
hologram is its original size, i.e., no magnification has been achieved; thus this is
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not a microscope; and (c) when looking at the object image through the hologram
one looks straight into the point source reproduced by the converging wave, i.e., no
object is visible, it is as invisible as a plane when it flies across the sun.

Gabor’s solution to get magnification was simple: take a hologram with electrons
of wavelength less than 1 A, i.e., energies in excess of 100 eV. Then magnify the
hologram mechanically by a factor of 5000 and use visible light of the appropriate
wavelength to illuminate it. Magnification is now 5000-fold. To avoid the problems
with Gabor’s geometry of point source holography various schemes of off-line or
off-axis holography have been developed [2—5] that rely on parallel light beams as
generated by lasers but this is not the topic of this review.

A much easier way to do the back propagation is numerically already contem-
plated by Gabor [6]. Early implementations of numerical reconstruction were frus-
trated by the need of simplifications of the reconstruction formula due to the lack
of computer power [7—12]. The development of a fast and efficient reconstruction
algorithm in the 1990s leads to the emergence of DIHM — Digital In-line Holo-
graphic Microscopy as tool for 4-D imaging with submicron length and subsec-
ond timescales of the time-dependent trajectories of microscopic objects in 3-D
space [13]. Unlike conventional compound light microscopy, which can give high-
resolution information about an object only in the focal plane with a depth of field
of less than a micron, digital in-line holographic microscopy (DIHM) offers a rapid
and efficient approach to construct high-contrast 3-D images of the whole sample
volume from a single hologram.

In-line point source holography with electrons was revived in the late 1980s by
Fink et. al. [14—19] when they managed to make stable field emission tips that ended
in a single atom thus creating an intense point source for coherent electrons in the
energy range from roughly 10 to 300 eV, i.e., for wavelengths from 2 down to 0.5 A.
High-resolution holograms were recorded digitally using a CCD camera and a the-
ory was developed for the numerical reconstruction of these holograms [16, 17].
This must be considered the first success of digital in-line holography with electrons
[20-23]. Although the reconstruction algorithm was originally designed for electron
holography, its transfer to optical holography is straightforward [24-27].

1.2 DIHM Hardware

DIHM hardware is very simple as illustrated in Fig. 1.2: A low-power laser L is
focused on a pinhole P of typically 1 pwm in diameter from which the spherical refer-
ence wave emerges. Using a laser diode this light source can be assembled in a stan-
dard lens holder which serves as an holographic add-on to any standard microscope.
For high-resolution work the object O is placed less than 1 mm from the pinhole and
the CCD camera C is adjusted in position to record the entire emission cone of the
pinhole. If only resolution of several microns is required then a larger pinhole of
several microns in diameter can be used and the larger sample is placed further from
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the pinhole. The CCD camera (physical size and pixel number) must be chosen to
satisfy the Nyquist—Shannon criteria to avoid aliasing in the reconstruction.

1.3 Hologram Reconstruction

As outlined above, holography is a two-stage process. First a hologram is taken and
stored digitally. Second, the role of reconstruction in holography is to obtain the 3-D
structure of the object from the 2-D hologram on the screen, or, in technical terms,
to reconstruct the wave front at the object. In DIHM this is done numerically based
on the theory of wave propagation in optics, i.e., by backward diffraction of the
digitally stored pattern on the 2-D hologram via the reference wave. This diffraction
process is given in scalar diffraction theory by the Kirchhoff—Fresnel transform:

exp[—ik|§ —x]]

K(r) = / T(8)Arer(8)
screen |E —X|

Fin(§) d§ (1.4)
Here

(&) = 1(§) — Arer(§) Afuy(®) (1.5)

is the contrast intensity, x and & are vectors from the point source to the object
and screen, respectively, k = 27 /A is the inverse wave number and y is the angle
between the optical axis from the point source to the center of the screen a distance
L away, and the vector & on the screen. For a point source the reference wave
is spherical, i.e., Arf(§) = & -1 exp[—ik&]. Thus Fresnel’s approximation to the
inclination factor becomes (for the geometry in which the screen is perpendicular to
the optical axis)

F; = i 1 = i 1 L 1.6
‘“(g)__ﬁ( +COSX)——Z< +§> (1.6)

Taking the contrast intensity is convenient and advantageous as it removes any
unwanted flaws and imperfections in the laser illumination. In addition, by sub-
tracting the laser intensity at the screen in the absence of the object one eliminates
this dominant term and also, more importantly, any flaws in the laser or camera.
This subtraction can be done as just outlined or, if the removal of the object is not
practical, one applies a high-pass filter to the hologram.

K(r) is a complex wave amplitude that can be calculated according to (1.4)
anywhere in space, in particular in the volume of the object/sample, thus ren-
dering its 3-D structure if sufficiently transparent. The absolute square |K (r)|?
yields the intensity at the object and its phase gives information about its index of
refraction. The numerical evaluation of the diffraction integral is very time con-
suming even for a “small” hologram of only 103 x 10 pixels. Observing that
the Kirchhoff-Fresnel integral is a convolution one is tempted to use fast Fourier
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transforms for its evaluation. To do this one needs to digitize (1.4) as the hologram
itself is of course given in digitized form, & — (v, u)a where v and u enumerate
the pixels on the CCD chip and a is the pixel size. Likewise, one needs to digitize
the space coordinates r — (nb, mb, z), where b is the size of one pixel in the
reconstructed image. Unfortunately, to keep the digitized form of (1.4) a convolu-
tion one needs to make the identification b = a thus eliminating the opportunity
to obtain a magnified image of the object or to use point source DIHM as a viable
microscopic technique. To overcome this impasse we explore possibilities to sim-
plify the diffraction integral itself. We observe that in DIHM the distance from the
pinhole to the object is typically much smaller than to the screen. Thus we can use an
expansion

x 112 . x\2
|§—x|m§|:1_2§;2xi| %5[1_2—;—%(2—;) _j| (1.7)

Keeping only the linear term yields the Kirchhoff-Helmholtz transform

j ~ 1
Kgu(r) = —2’7 [1@)5—2 (H%)]eXp [—iké -x/€] d&  (1.8)

Again, the function K(r) is complex and significantly structured and different
from O only in the space region occupied by the object. An algorithm has been
developed for its evaluation that is outlined in the appendix, faster by many orders
of magnitude than the direct evaluation of the double integral. Noteworthy is the
fact that in this algorithm the pixel size in the reconstructed image can be chosen
arbitrarily to achieve any magnification one wishes.

The complete procedure of DIHM is demonstrated in Fig. 1.3 and described in
the figure caption. Noteworthy is the fact that reconstructing the hologram itself
(i.e., without subtracting the background) leads to residual interference fringes and
artificial features which are totally avoided if reconstruction is done from the con-
trast hologram. These fringes are, however, not due to the twin image as sometimes
claimed in the literature without proof. Although in in-line holography with paral-
lel light the twin image can be a problem, this is not the case in the point source
geometry. The argument, substantiated with many experimental data reviewed here
and presented elsewhere, is simple: the distance between source and object is typi-
cally hundreds or even thousands of wavelengths and the twin image is at the same
distance on the other side of the source. The contribution of one on the other is an
undetectable uniform background. The situation is vastly different, e.g., in photo-
electron holography of surfaces, where source and object are angstroms apart, and
the twin image is a problem although ways have been found to minimize its effect
even in such unfavorable geometries.
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Fig. 1.3 Holography of a needle with blue light (A = 408 nm), pinhole diameter 0.5 um, pinhole—
object distance 1.1 mm, pinhole—~CCD distance 20 mm, CCD chip size 1.28 x 1.28 cm?, NA = 0.3.
Top row: hologram, background, and contrast hologram. Bottom row, left: reconstruction from
original hologram and right: from contrast hologram. Reconstruction area 685 x 685 um

1.4 Resolution and Depth of Field

We base our discussion of the lateral and depth resolution of DIHM on the point
spread function psf. To obtain the psf we assume a perfect point source emitting a
spherical wave Uyf(r) = Upr~! exp[ikr] with wavenumber k = 27 /A. In addition
we have a point object at a distance r; along the optical axis from which scattered
spherical waves emerge. The total wave field is thus

explikr explik|r —r
Ur) = Ug plikr] LU plik | 1] (19)
Ir—ri]
The intensity of the contrast image then becomes
~ u?
Imy=10)- =2
,
U? UoU,
= 5 +2 cos[k(r — |r —r1])] (1.10)
Ir —ry| rir—rq|

The first term accounts for classical scattering from an isolated object resulting in
a smoothly varying background. The second term is due to interference between the
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source and the object and represents holographic interference. Under holography
conditions we must have Uy >> Uj. With the contrast intensity given on a screen
with numerical aperture, NA, we can use the Kirchhoff-Helmholtz transform to
calculate the reconstructed intensity around the original point source at r. This psf
can be calculated analytically [19] and is given by

psfya (1) = [Kna ()] (1.11)
Kna®m) = Y explniz/2lay Py <|j = i&) jn(k ¥ = xo)
n=0
1
an = (n+1/2) / dr Py (1) (1.12)

/1—(NA)2

The point spread function looks like a prolate spheroid with its long axis along
the optical axis. In Fig. 1.4 we show views and cuts through the central point rj in a
plane perpendicular to the optical axis and along it. In holography it plays the role
of the Debye integral in apertured optical systems. Similar arguments [27] result in
estimates of the lateral and axial resolution

A
Ot = SNA
s _ N
T 2(NA)2

Fig. 1.4 Point spread function psf for NA=0.3. On the left (right) a view and cut perpendicular to
(along) the optical axis
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It is quite suggestive that a Gaussian

1
psfxa (M~ ——exp[ — (x* + y?) /267, ] exp[ —z2/262]  (L.13)

1
7T 8y Sax N 27

represents an acceptable approximation for psfyy.

For a perfect pinhole the numerical aperture of DIHM depends on the ratio of
the detector width to the object — detector distance. The resolution thus increases
at shorter wavelength and with larger screen width (larger NA). When the optical
path crosses several media with different refractive indexes, hologram formation
depends on an effective wavelength that is determined by the length of path through
each medium as we will discuss below in connection with immersion holography.

The resolution of a holographic microscope can also be discussed in terms of the
number of interference fringes that can be resolved by the recording medium [28,
30]. In the case of digital CCD or CMOS detectors, faithful recording of interference
fringes is only possible if the pixel size of the recording chip is much smaller than
the smallest fringe spacing that needs to be recorded. Simulations with computer-
generated holograms suggested that two scattering centers can be resolved if the
number of captured fringes is large (tens of fringes) and that only fringes separated
by more than three camera pixels contribute to image reconstruction and resolution.
Either too few fringes or fringes that are too close together will lead to reduced
resolution. In general, a shorter wavelength will produce more fringes, and usually
results in higher resolution. However, the larger number of fringes is spread over a
fixed number of pixels on the chip so that at shorter wavelength the average number
of pixels per fringe decreases and the resolution may thus be less than expected.
A more detailed discussion on fringe number and spacing and its effect on resolution
can be found elsewhere [29, 30].

Point source DIHM with a nearly spherical reference wave produces a magnified
hologram at the recording screen. This implies that the number of fringes captured,
and hence the resolution, depends on the object—screen distance as well. A reso-
Iution of 1 pm is easily obtainable with the object close to the point source and
the smallest measurable separation of two scattering points increases nearly linearly
with source — object distance. The imaged volume is essentially determined by the
volume of a pyramid that has the CCD chip as a base and the point source as the
apex.

One of the most amazing advantages of holographic microscopy, and in par-
ticular of pointsource DIHM, is the fact that a single 2-D hologram produces in
reconstruction a 3-D image of the object without loss of resolution. This is in sharp
contrast to compound microscopy where the depth of field reduces sharply with
improving resolution necessitating refocussing to map out a larger volume. To show
this advantage we have embedded 1 pm latex beads in gelatin on a cover slide (to
immobilize them), taken one hologram and made five reconstructions at different
depths from 300 wm to 3 mm from the cover slide, see Fig. 1.5.

Lastly, we investigate the effect of the pinhole size. In Fig. 1.6 panel A shows
the hologram and panels B and C reconstructions at 3 and 2 mm, respectively, with
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3150 pm 2200 ym

1150 um 600 um 300 um

Fig. 1.5 Depth of field: 1 wm latex beads embedded in gelatin on a cover slide (to immobilize
them). (a) hologram taken with blue light. (b—f) five reconstructions at different depths from
300 um to 3 mm from the cover slide

Fig. 1.6 Pinhole size effect: (a) Hologram with 0.5 pwm pinhole, (b) reconstruction, and (¢) cen-
tral section of reconstruction only. (d—f) same for 2 pm pinhole. Laser wavelength 408 nm and
numerical aperture NA = 0.208
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a field of view of 1.4 mm. The pinhole was 0.5 wm in diameter and the numerical
aperture was 0.2. For panels D to F the pinhole was increased to 2 um thus reducing
the numerical aperture so much that the outline of the finite emission cone is seen.

1.5 Deconvolution

As in any optical instrument, resolution and image quality are dictated by the instru-
ment function. In DIHM, limiting factors are the finite extent of the point source
and the numerical aperture. For both of these effects it is easy to calculate the point
spread function psf given in (1.11) in the previous section. We thus have for the
image obtained at finite NA

INA(T) = /dr’pstA(r —r)I ) (1.14)

where I (r’) is the “perfect” image at NA=1. Taking Fourier transforms we have
F(Ina) = F(psHF (1) (1.15)
and an inverse Fourier transform yields the deconvoluted “perfect” image
I =F ' [F(INa)/F (psh)] (1.16)
Note that for the parametrization (1.13) of the psf its Fourier transform is again a
product of Gaussians.
An application of the deconvolution procedure is given in Fig. 1.7 for NA=0.3

showing clusters of 1um latex beads which after deconvolution are clearly
identified.

Fig. 1.7 Cluster of 1 pm latex beads. On the left taken with numerical aperture NA=0.3. On the
right after deconvolution
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1.6 Immersion Holography

To improve the resolution of DIHM one has two obvious options, as with any type
of microscopy:

1. Reduce the wavelength, say into the ultraviolet regime. This produces three chal-
lenges: (a) UV lasers are expensive, large and more elaborate, and dangerous;
(b) one needs a pinhole with a diameter of a few hundred nanometers; they are
expensive, difficult to make, and easily clog up; and (c) one needs a camera
sensitive to UV radiation, again an expensive undertaking.

2. Increase the numerical aperture requiring a larger camera chip at more expense.

An elegant solution to this challenge is much akin to the use of oil immersion
lenses in compound microscopy. One realizes that the hologram is formed when
the scattered wave interferes with the reference wave. This happens in the space
region between the object and the detector. If one therefore fills this region with
a material of high refractive index n then the hologram is formed at a wavelength
X /n, or, alternatively, with a numerical aperture enlarged by a factor n, see Fig. 1.8.
Thus for experiments on biological species in water a blue laser (A = 408 nm) is
sufficient to do DIHM in the UV range at 308 nm increasing the resolution by 30%.
Or using oil (n = 1.5) or sapphire glass (n = 1.8) we would work at A/n = 272
and 227 nm, respectively. If the space between the object and the CCD chip is not
completely filled with the high index of refraction material, geometric optics leads
to an effective wavelength

hett = A/I(L — H) + nH1/L] (1.17)

An example of immersion holography is shown in Fig. 1.9, again for clusters of
latex beads.

Medium with
refractive index n

Y

Point Source Object

Fig. 1.8 Schematic for immersion holography [32]
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Fig. 1.9 (a) Reconstruction of a deposit of 1.09 pm beads on a cover slide showing single beads
and small clusters. (b) Intensity profile through a dimer. Left: with green light and air between
cover slide and CCD chip. Right: with space filled with oil of n = 1.5 [32]

1.7 Phase images

The Kirchhoff-Helmbholtz transform yields the wave front at the object with both
amplitude and phase information. There are occasionally claims in the literature that
point source DIHM is of limited value because it is not capable of producing phase
images. These arguments are hard to follow and will not be repeated here. Instead
we present an example that shows clearly the capability and superiority of point
source DIHM. The task at hand was to map the index of refraction across the core
of a fiber optic cable where it is enhanced by about a percent over the value in the
glass cladding by doping with rare earth materials. Because the cladding will act as
a cylindrical lens one must immerse the fiber into oil with matching refractive index.
Panel A of Fig. 1.10 shows the hologram taken with a violet laser (A = 405 nm),
panel B shows the reconstructed intensity, and panel C the reconstructed phase.
One can still see the remnants of the cladding because the oil was not matching the
refractive index of the cladding perfectly. Cuts perpendicular to the core showing
intensity (panel E) and phase (panel F) confirm that the core is 4.5 pwm in diameter
as stated by the manufacturer. Assuming that the core is cylindrical we can calculate
the optical path length in the core to be p(r) = 2(R? — r%)1/2 where R is the radius
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(d) Change in Index of Refraction (e) Intensity (f) Phase

Fig. 1.10 Optical fiber immersed in oil with matching refractive index. Panel A shows the holo-
gram taken with a blue laser, panel B the reconstructed intensity, and panel C the reconstructed
phase. Cuts perpendicular to the core showing intensity (panel E) and phase (panel F) confirm that
the core is 4.5 wm in diameter. Panel D profiles in the index of refraction at four different positions
along the core

of the core and r is the lateral distance from its center. Thus we get for the phase
difference with respect to the cladding

A¢(r) = p(r)An(r) (1.18)

where An(r) is the change of the refractive index of refraction throughout the core
which is obtained from A¢ by a simple division. The resulting profiles in the index
of refraction at four different positions along the core (Panel D) confirm that the core
was tapered with the maximum enhancement of the refraction index about 0.02 with
a considerable inhomogeneity along the core and across it.

1.8 4-D Imaging

In many fields of science and technology the microscopist is faced with tracking
many objects such as particulates, bubbles, plankton, or bacteria as they move in
space, asking for an efficient way of 4-D particle tracking. DIHM is the perfect tool
to do this job [31, 32]: 4-D tracking is achieved by (1) recording digitally, e.g., on
a CCD chip, a film of N holograms h1, h», h3, ... at times tq, 2, 13, .... (2) One
constructs digitally a difference hologram (h1 —h3)+(h3 —ha)+(hs—he)+. . ., thus
retaining only those features in the holograms that correspond to moving objects;



1 Point Source Digital In-Line Holographic Microscopy 17

A) A sequence of single 1 B} Create differance holograms
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Fig. 1.11 Procedure to obtain the 3-D structures of moving objects from a sequence of holograms
by subtracting subsequent holograms, then adding these difference holograms into a final com-
pound hologram from which reconstructed trajectories are obtained with the Helmholtz—Kirchhoff
transform

the recording speed must be adjusted accordingly. Because holography is linear in
the scattering amplitude the superposition principle holds and adding or subtracting
holograms does not lead to a loss of information. By subtracting two holograms and
then adding the differences one ensures that (a) the pixels do not saturate and (b)
one at least partially reduces the noise in the original holograms. This construct also
reduces the size of the data set by a factor of N. Data from different experiments
with hundreds of holograms done at different times can be “added” this way for
storage. (3) Lastly, one numerically reconstructs a stack of images in a sufficient
number of planes throughout the sample volume so that a 3-D rendering displays
the tracks of all the moving particles. A schematic of this procedure is shown in
Fig. 1.11. One could also reconstruct stacks of images from each frame in the
film of holograms and would then be able to produce a 3-D movie of the motion
itself.

1.9 Applications in Microfluidics

As an application of 4D tracking of micron-sized objects [33-37] we show in
Fig. 1.12 the trajectories of latex beads of 1 um diameter suspended in water flow-
ing around a 70 wm large bead. The time between successive exposures is 1/15s.
Because we also can measure the distance traveled between exposures we can eval-
uate the velocity vector field in 3-D.
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Fig. 1.12 Trajectories of 1 wm latex beads suspended in water flowing around a 70 pum large bead.
The time between successive exposures is 1/15's

1.10 Biology

We show a few examples of imaging biological species with DIHM [38—40] starting
in Fig. 1.13 with a high-resolution image of a diatom.

Our next example is an image of Escherichia coli bacteria, see Fig. 1.14.

To demonstrate that DIHM is also capable of imaging large objects with micron
detail we show in Fig. 1.15 a section through the head of a fruitfly, Drosophila
melanogaster. Such images reveal the structure of the pigmented compound eye,

50 um

"
L)

TV
™y S e
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Fig. 1.13 High-resolution reconstruction of a diatom. The hologram was taken with a blue laser at
A =408 nm
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E.Coli PB103

Fig. 1.14 E.coli bacteria imaged with a blue laser. Pinhole—object distance 300 wm, pinhole—
screen distance 15 mm, pinhole 0.5 pum. Bacteria diameter about 1 jum

Fig. 1.15 A section through the head of a fruitfly with a blue laser at A = 408 nm

and different neuropile regions of the brain within the head cuticle including the
optic neuropiles underlying the compound eye.

Our last example in biology is a 3-D rendering of a suspension of E. coli bacteria
in a stream of growth medium around a big sphere, see Fig. 1.16. Experiments like
these allow, for the first time, realistic studies of the colonization of surfaces by
bacteria and the mechanism of biofilm formation.

DIHM was also used in a large study of the effect of temperature on motility
of three species of the marine dinoflagellate Alexandrium which made full use of
the 3-D trajectories to extract quantitative information on their swimming dynamics
[39, 40].
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Fig. 1.16 3-D rendering of the tracks of a suspension of E. coli bacteria in a stream of growth
medium around a big sphere. Holography with blue light (A = 408 nm), pinhole diameter 0.5 pm,
pinhole—object distance 0.5 mm, pinhole—CCD distance 19 mm, CCD chip size 1.28 x 1.28 cm?,
NA = 0.3. Reconstruction volume 300 x 300 x 300 um?. Recording the motion at 15 f/s

1.11 Submersible DIHM

To allow observations with DIHM in ocean or lake environments we have con-
structed an underwater microscope. Its schematic is shown in Fig. 1.17: The micro-
scope consists of two pressure chambers one of which contains the laser and the
other the CCD camera (plus power supply). The two chambers are kept at a fixed
distance to each other to allow water to freely circulate between them. In the center
of the chamber plates facing each other are small windows with the one on the laser
chamber having the pinhole. The signal from the CCD camera is transmitted via
an underwater USB cable to a buoy or a boat above from where a satellite link can
be established for data transmission to a laboratory. Depending on the design of
the pressure chamber water depths of several hundred meters are easily accessible
and can be extended to thousands of meters with high pressure technology. The
prototype was pressure tested to 10 atm and operated at 20 m depth and has given
the same performance as far as resolution is concerned as the desktop version of
DIHM.

Fig. 1.18 shows a Rotifer (Iength 200 pm, width 100 um) swimming at a speed
of 2.5 mm/s at a depth of 15 m in the North Atlantic.

As a last example we show in Fig. 1.19 the tracks of algae in permafrost springs
on Axel Heiberg Island in the High Arctic. A light weight underwater DIHM was
used in this expedition.
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Fig. 1.17 Drawing and instrument of the underwater DIHM microscope, courtesy of Resolution
Opticslnc, Halifax NS [30]

Fig. 1.18 Rotifer (length 200 pm, width 100 um) swimming at a speed of 2.5 mm/s. Remote obser-
vation at a depth of 15 m in the North Atlantic [30]

1.12 Recent progress

In this chapter we want to highlight some recent advances in point source DIHM.
We begin with the work by Repetto et al. [41] on lensless digital holographic
microscopy with light-emitting diode illumination in which they show that the spa-
tial coherence of light emitting diodes is good enough to obtain resolution of a
few microns. Due to the low intensity of LEDs the pinhole has to be rather large
(about 5 pm) to get enough illumination. With the advent of more powerful LEDs
this opens up a very cheap approach to DIHM [42—44].
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Fig. 1.19 Algae in permafrost springs on Axel Heiberg Island. Holography with blue light (A =
408 nm), pinhole diameter 0.5 wm, pinhole—object distance 0.8 mm, pinhole-CCD distance 21
mm, CCD chip size 1.28 x 1.28 cm?, NA = 0.3. Reconstruction volume 500 x 500 x 300ptm3,
framerate 15 f/s [58]

As methods are devised for larger numerical apertures new techniques for rapid
reconstruction are also called for. A first step in this direction uses a reorganized
hologram with a low number of pixels, the tile superposition technique [45, 46].
The algorithm was applied to imaging of a 2 pm bead cluster and was shown
to be superior. It was argued in these papers that this could become the base for
high-resolution wide-field imaging by multispot illumination [47—49]. Another new
approach advancing a method of multiplane interference and diffraction detection
also looks very promising [50-52].

Underwater DIHM has been used for an extensive European study of biofouling
phenomena in the marine environment, called AMBIO — Advanced Nanostructured
Surfaces for the Control of Biofouling — (http://www.ambio.bham.ac.uk). In the
papers by Heydt et al. [53, 54] new ways to cope with a mass of data on moving
algae and bacteria have been developed and these observations were combined in
general systems approach with surface and polymer chemistry to identify preventa-
tive measures to control biofouling [55].

1.13 Summary and Discussion

We want to conclude underlining some remarkable characteristics of DIHM and the
underwater DIHM:
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1. Simplicity of the microscope: DIHM, as well as underwater DIHM, is
microscopy without objective lenses. The hardware required for the desktop ver-
sion is a laser, a pinhole, and a CCD camera. For the underwater DIHM version
we need the same elements contained in submersible hermetic shells.

2. Maximum information: A single hologram contains all the information about the
3-D structure of the object. A set of multiple holograms can be properly added
to provide information about 4-D trajectories of samples.

3. Maximum resolution: Optimal resolution, of the order of the wavelength of the
laser, can be obtained easily with both versions.

4. Simplicity of sample preparation, particularly for biological samples where no
sectioning or staining are required, so that living cells and specimens can be
viewed. Indeed, for the underwater DIHM there is no sample preparation at all,
and real-time information of living organism can be retrieved remotely.

5. Speed: The kinetics of the sample, such as particle motion or metabolic changes
in a biological specimen, can ultimately be followed at the capture rate of the
image acquisition system.

6. 4-D tracking: A large number of particles can be tracked simultaneously in 3-D
as a function of time.

Regarding the 4-D tracking, feasible in both versions of the DIHM, we empha-
size the efficiency in data collection in our procedure. Removal of background
effects and construction of summed holograms are easily accomplished so that
high-resolution tracking of many particles in 4-D can be obtained from just one
difference hologram. Since resolutions on the order of the wavelength of light have
been achieved with DIHM, tracking of organisms as small as bacteria is possible, as
would the motion of plankton in water or, at lower resolution, the aerial trajectories
of flying insects. DIHM can also be used successfully on macroscopic biological
specimens, prepared by standard histological procedures, as for a histological sec-
tion of the head of the fruit fly.

Outside of biology, applications of 4-D DIHM have been demonstrated in
microfluidics for particle velocimetry, i.e., tracking of the motion of particles in
liquid or gas flows, gas evolution in electrolysis, and in the visualization of struc-
tures in convective or turbulent flow. Further applications have dealt with col-
loidal suspensions, remote sensing and environmental monitoring, investigation of
bacterial attachment to surfaces and biofilm formation, and many more. DIHM
with its inherent ability to obtain magnified images of objects (unlike conven-
tional off-axis holography) is therefore a powerful new tool for a large range
of research fields. Films on 4-D tracking and more examples can be viewed
at http://www.physics.dal.ca/~kreuzer and in the supplementary material of this
chapter. The results from the expedition to Axel Heiberg island have now been
published [58].

This work was supported through grants from the Natural Sciences and Research
Council of Canada and the Office of Naval Research, Washington.
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Appendix: Kirchoff-Helmholtz Reconstruction Algorithm

Introduction

The role of reconstruction in holography is to obtain the 3-D structure of the object
from the 2-D hologram on the screen, or, in technical terms, to reconstruct the wave
front at the object. This can be achieved via a Kirchhoff-Helmholtz transform

K@) = /S @€ 1(8) exp(ik - 1/8) (1.19)

where the integration extends over the 2-D surface of the screen with coordinates
& = (X, Y, L) where L is the distance from the source to the (center of the) screen.
k = 2m /A is the wave number of the radiation (electromagnetic, acoustic, electrons,
or matter) and (&) is the contrast image (hologram) on the screen obtained by
subtracting the images with and without the object present. The function K (r) is
significantly structured and different from O only in the space region occupied by
the object. By reconstructing the wave front K (r) on a number of planes at various
distances from the source in the vicinity of the object, a 3-D image can be built up
from a single 2-D hologram. K(r) is a complex function and one usually plots its
magnitude to represent the object, although phase information can also be extracted.
The Kirchhoff-Helmholtz transform is sometimes given in polar coordinates

ke =X/VX2+ Y2412
by =Y/VX2+Y24 L2 (1.20)

(o

for which (1.1) reads

K(r) = f I (ky, ky) explikzy/ 1 — k2 — & 2) exp(ik (xky — yky))J (ky, ky)dkdk,
S

(1.21)
where the Jacobian is given by
Jke k) = L7/ (1 k2 —k2)* (1.22)

We should point out that setting this Jacobian equal to 1, which, in some measure,
amounts to using an on-axis approximation in half of the integrand, is so crude
an approximation that optimal resolution cannot be achieved. Unfortunately it is
invoked by several groups but should be avoided at all cost.

The numerical implementation of the full Kirchhoff~Helmholtz transform is very
time consuming, even on the fastest computers, because the nonlinear phase factor
in the exponential function prohibits the straightforward application of fast Fourier
transform (FFT) methods. Our solution of the problem, which is at least a factor
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of 103 faster than the direct evaluation and thus makes numerical reconstruction
practical, consists of five steps [56]:

1. A coordinate transformation to cast the Kirchhoff-Helmholtz transform into a
standard 2-D Fourier transform.

Discretization of the double integral into a double sum.

Interpolation of the hologram on an equidistant point grid.

Re-writing the Kirchhoff-Helmholtz transform as a convolution.

Application of three FFTs to get the result.

ARE N

This solution was first conceived on March 16, 1992 while at the APS meeting
in Indianapolis and was implemented and running within a week.

Coordinate Transformation

To eliminate the nonlinearity in the phase factor we perform a coordinate
transformation

X' =XL/R
Y =YL/R
R=(L>+X>+YH!/? (1.23)

with the inverse transformation

X=XL/R
Y=YL/R
R =L*/R=(L>—-X?—-Y?'? (1.24)
and the Jacobian
dxdy = (L/R"*dx'dy’ (1.25)
This results in
K(r) = /S/ dX'dY'I'(X', Y) explik(x X' + yY")/L] (1.26)
with
I'(X', YY) =1(X(X',Y"), Y(X',Y)(L/R)*exp(ikzR'/L) (1.27)

Note that if the screen S is rectangular then S’ becomes barrel shaped with more
rounding of the edges for a larger ratio of screen width to L.
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Discretization

To evaluate (1.8) with FFT techniques we must rewrite it in discrete form as
N-1
Km = Y 1,2 etmiD/N (1.28)
Jj.j'=0

where N, the number of pixels in one direction of the screen, will be arranged
to be a multiple of 2. For simplicity we restrict the following presentation to the
situation where a quadratic screen is used. We therefore write

X = X, = X0 + néy
Y = Yn = Yo+ ndy (1.29)

forn,m =0,1,2,..., N — 1. Likewise we write
X’:X}:X(’ﬁ—jA;
Y = Y/’. = Yé + j’A’y (1.30)

for j,j’=0,1,2,...,N - L.

Interpolation

Experimental holograms are usually recorded on a flat screen, perpendicular to the
optical axis, and digitized on an equidistant grid of pixels

X=X;=Xo+ jA,
Y=Y;=Yo+ /A, (1.31)

which, under the transformation (1.5), are transformed into non-equdistant points
(X', Y;,), the set of these points is S'.

We therefore construct a rectangular screen S” that circumscribes S’, and intro-
duce a new set of equidistant points (1.12) where

Xo = XoL/\/L*+ X}

Y, =YoL/\/L*+ Y}

A L[(Xo+ (N — 1)A,] _ LXo
TNV Ao+ (V- DAP N 124 x3
oo Lt -DnAg LY (1.32)

TN+ —naR N 2R
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With this we get the Kirchhoff-Helmholtz transform (1.1) into the discrete form

Kum = A A exp {ik [(x0 + nd) X( + (yo +méy)Y5] /L}
N—1
x Y I exp [ik(jon; + j/yoA;)/L]eXp[ik(nj(?xA; + mj/(syA/y)/L]
j.i'=0
(1.33)

where 1 j’ ., is the image interpolated at the points (1.12). This can be cast into a
form suitablle for FFT techniques if we choose

AL
= Na;

M 1.34
8y = NA, (1.34)

where A = 2m/k is the wavelength of the illuminating radiation. We point out
that situating the screen symmetrically about the optical axis simplifies all of the
above formulae considerably.

Convolution

The advantage of using FFT techniques is obviously their speed, i.e., one gains a
factor 103 over a direct evaluation of (1.1). The disadvantage, however, is the fact
that (1.16) imposes the resolution of the reconstruction. We overcome this limitation
by rewriting (1.15) as a convolution and then use the product theorem of Fourier
transforms.

We write

nj = [n2 F - j)z] /2 (1.35)
and get

Kum = A, A exp {ik [0 + n80) X + (yo + m8,)Y§] /L)

X €Xp {ik(nz(SxA; + mZSyA’y)/ZL} (1.36)
N—-1

x Y Ijyexp [ik(jXOA; + j'yoA) +j28xA;/2+j/za),A;/z)/L]
J+J'=0

X exp [—ik((n — )P AL+ (m — )25, A)) /2L] (1.37)
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Let us then take the following FFTs:

N-—1
K=Y Iexp [ik(jon; +j'y0A) +j25xA;/2+j/25yA;/2)/L]
Jd'=0
x exp[2mi(vj +v'j")/N] (1.38)
N—1
R, =) exp{—ikj*8, A /2L} exp [27ivj/N] (1.39)
j=0

An inverse FFT then yields

Kum = DA exp [ik [0 + n8:) X) + (vo +m8,)Y5] /L)

X exp {ik(nerx AL+ m28yA/y)/2L} (1.40)
x K|, R,Ry exp{—2mi(vn + v'm)/N) (1.41)
v,V

In the numerical implementation care must be exercized in treating end effects
by zero padding.

The generalization of the method to nonsymmetric screens and to reconstruc-
tion on planes arbitrarily tilted with respect to the optical axis has also been imple-
mented.

For the numerical implementation of the transform, we have developed a very
fast algorithm incorporated in a self-contained programme package called DIHM
[57] that not only does the numerical reconstruction but also all other procedures
connected with data management and visualization.
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Chapter 2
Digital Holographic Microscopy Working
with a Partially Spatial Coherent Source

Frank Dubois, Catherine Yourassowsky, Natacha Callens, Christophe Minetti,
Patrick Queeckers, Thomas Podgorski, and Annick Brandenburger

Abstract We investigate the use of partially spatial coherent illuminations for dig-
ital holographic microscopes (DHMs) working in transmission. Depending on the
application requirements, the sources are made from a spatially filtered LED or from
a decorrelated laser beam. The benefits gained with those sources are indicated.
A major advantage is the drastic reduction of the speckle noise making possible high
image quality and the proper emulation of phase contrast modes such as differential
interference contrast (DIC). For biomedical applications, the DHMs are coupled
with fluorescence sources to achieve multimodal diagnostics. Several implementa-
tions of biomedical applications where digital holography is a significant improve-
ment are described. With a fast DHM permitting the analysis of dynamical phe-
nomena, several applications in fluid physics and biomedical applications are also
provided.

2.1 Introduction — Objectives and Justifications

Optical microscopy is limited by the small depths of focus due to the high numerical
apertures of the microscope lenses and the high magnification ratios. The extension
of the depth of focus is thus an important goal in optical microscopy. In this way,
it has been demonstrated that an annular filtering process significantly increases the
depth of focus [1]. A wave front coding method has also been proposed in which
a nonlinear phase plate is introduced in the optical system [2]. Another approach
is based on a digital holography method where the hologram is recorded with a
CCD camera and the reconstruction is performed by computer [3]. The holographic
information involves both optical phase and intensity of the recorded optical signal.
Therefore, the complex amplitude can be computed to provide an efficient tool to
refocus, slice-by-slice, the depth images of a thick sample by implementing the
optical beam propagation of complex amplitude with discrete implementations of
the Kirchhoff-Fresnel (KF) propagation equation [4, 5]. In addition, the optical
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phase is the significant information to quantitatively measure the optical thicknesses
of the sample which are not available from the measurements with classical opti-
cal methods [6]. Digital holographic microscopy (DHM) has been used in several
applications of interest such as refractometry [7], observation of biological samples
[8—14], living cell culture analysis [15—17], and accurate measurements inside cells
such as refractive indexes and even 3D tomography [18-21]. As digital holography
determines the complex amplitude signal, it is very flexible to implement power-
ful processing of the holographic information or of the processed images. As non-
exhaustive examples are methods to control the image size as a function of distance
and wavelength [22], to correct phase aberration [23-27], to perform 3D pattern
recognition [28-31], to process the border artifacts [32, 33], to emulate classical
phase-contrast imaging [17, 34], to implement autofocus algorithms [35-41], to
perform object segmentation [42], and to perform focusing on tilted planes [43].
The optical scanning holography approach has been introduced with applications,
for example, in remote sensing [44]. Holography is very often considered as a 3D
imaging technique. However, the 3D information delivered by digital holography
is actually not complete [45]. This is the reason why optical tomographic systems
based on digital holographic were proposed [40, 46]. It has also to be mentioned
that other 3D imaging can be achieved by the integral imaging method [47]. Digital
holography provides some 3D information on the sample. Usually, digital holog-
raphy is implemented with coherent laser beams. However, laser beams are very
sensitive to any defect in the optical paths in such a way that the results can be badly
corrupted by the coherent artifact noise. For that reason, we developed two DHMs
with a partially spatial coherent illumination in Mach-Zehnder configurations in
order to reduce this noise [10, 17, 48, 49]. The first DHM is using a LED which
is spatially filtered to achieve the spatial coherence. As the spectral bandwidth is
about 20 nm [50], the source is also of partially temporal coherence. This feature
improves also the noise reduction but imposes to properly align reference and object
beams [51]. Therefore, the computation of the optical phase results from the imple-
mentation of a phase shifting method. For applications where the phenomena are
varying too rapidly to implement the phase shifting, we implemented a DHM where
the complex amplitude is computed with the Fourier transform method [52, 53].
In this case, there is an average angle between the reference and the object beam
that requests temporal coherence. With respect to that constraint, we realized the
partially spatial coherent source from a laser beam focused close to a rotating ground
glass. The two configurations are described in the next section. The benefits of using
the partial spatial coherence in a DHM are given in Sect 2.3.

2.2 Optical Setups and Digital Holographic Reconstructions

2.2.1 Digital Holographic Microscope Working with a LED

The DHM that benefits from a partially spatial coherent illumination created from a
LED is described in Fig. 2.1.
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Fig. 2.1 Description of the DHM working with a LED: Light-emitting diode (LED), optical
fiber (OF), lenses (L1-L6), beam splitters (BS1-BS2), mirrors (M1-MS5), microscope lenses 10x
(ML1-ML2), optical flat (Sr), culture dish (So), Hamamatsu Orca camera (CCD). The relative
orientation of the two sub-system assemblies (SE1 and SE2) (each hold a beam splitter and a
mirror) enables the optical paths in the two arms of the interferometer to be accurately equalized.
(M4) mounted on a piezoelectric transducer to implement the four-frame phase stepping technique

A LED beam is injected in a liquid optical fiber in order to homogenize the beam
distribution in the front focal plane of a lens L1 which is imaged in the plane of the
sample So. On the travel of the beam, there is an aperture between mirrors M1 and
M2 in order to increase the spatial coherence. A plane of the sample is imaged on
the CCD camera by the couple of lenses ML2-L6.

The sample (So) is placed inside a Mach Zehnder interferometer in order to
record the interference patterns between the sample beam and the reference beam.

In addition to the partially spatial coherent nature of the illumination, the LED
provides also a low temporal coherence. For samples embedded in scattering media
like collagenous gels (Fig. 2.9), this reduces further the noisy coherent contribution
by selecting the ballistic photons for the interferometric information. The mirror M4
is placed on a piezoelectric transducer to implement a four image phase stepping
method.

The system provides the optical phase and the intensity images on one plane of a
sample, with a typical acquisition time of %s. The resulting complex optical field is
used to refocus the optical intensity and phase fields on parallel planes without any
mechanical scanning or loss of time. As the information to perform the refocusing
is recorded in the only imaged plane by the CCD, the point spread function of the
optical system is constant over the experimental volume, provided that the digital
holographic refocusing does not introduce a loss of information. The magnification
corresponding to that of a standard optical microscope is about 100x, the lateral
resolution computed according to the Rayleigh criteria is 1.3 pm, and the Z resolu-
tion, §, computed with the standard formula § = A /NA2 is 5.4 wm, where A is the
average wavelength of 660 nm and NA the numerical aperture of 0.30. The depth of
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refocusing by means of digital holographic reconstruction is extended by a factor of
about 100 [10].

The resolution of the optical thickness computed on the phase map is about 2
nm. This value is established by assessing the noise that occurs on the phase maps.
As the full information on the optical field transmitted by the sample is recorded,
it is possible to emulate standard optical microscopy modes such as the differential
interference contrast (DIC); this latter is particularly useful for the observation of
living cells by providing the scientists with an usual visualization mode. We empha-
size that the DIC mode is successfully implemented thanks to the low noise level.
We also coupled the digital holographic microscope with a fluorescence excitation
source (eGFP) and, as shown in Sect. 2.4.1.2, it is possible for refractive samples to
couple the fluorescence and the digital holographic signals to perform some refo-
cusing of fluorescence.

2.2.2 Digital Holographic Microscope Working with a Laser Beam
Incident on a Rotating Ground Glass

This section describes the partial spatial coherent microscope working in digital
holography and the method to record the complete holographic information on every
single video frame as is requested to study fast phenomena. The optical setup is
schematized in Fig. 2.2 [40, 49].
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Fig. 2.2 Description of the DHM working with a partially spatial coherent source from a laser
beam. L1: focusing lens; RGG: rotating ground glass for spatial coherence reduction; L2: collimat-
ing lens; L3, L4: identical microscope lenses (x20); L5: refocusing lens; CCD: charge-coupled
device camera with the sensor placed in the back focal plane of L5; M1-3: Mirrors; BS1, BS2:
beam splitters; the optional optical compensation in the reference arm is not indicated in the
drawing
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The coherent source (a mono-mode laser diode, A = 635nm) is transformed
into a partially spatial coherent source by focusing the beam, by lens L1, close
to the plane, with a rotating ground glass (RGG). The partial spatial coherence is
adjusted by changing the position of the focused spot with respect to the RGG plane.
The lens L2 (focal length f, = 50 mm) collimates the beam that is divided by a
beam splitter BS1. The transmitted part, the object beam, illuminates the sample
S by transmission. When the RGG is stopped the speckle size in the plane of the
sample can be measured to control the spatial coherence. A plane of the sample is
imaged by the couple of lenses L3-L5 on the CCD camera sensor. The reference
beam, reflected by the beam splitter BS1 and by the mirror M3, is transmitted by
the microscope lens L4 (focal length f4 = 10 mm), by the beam splitter BS2 and by
the lens LS. It interferes with the object beam on the CCD sensor. An optical flat,
not indicated in Fig. 2.1, is placed in front of lens L4 to equalize the optical paths
of the reference and object beams. The camera is a JAI CV-M4 camera with a CCD
array of 1280 x 1024 pixels. For further processing, a 1024 x 1024 pixels window
is cropped to match the fast Fourier transform computation.

The camera is adjusted with a 100 s exposure time. The reference beam is
slanted with respect to the object beam in such a way that a grating-like thin inter-
ference pattern is recorded on the sensor. This is used to implement the Fourier
method to compute the complex amplitude of the object beam for every recorded
frame [52, 53].

2.2.3 Digital Holographic Reconstruction

With the optical setup described above, we assume that we obtain the complex
amplitude s (x, y) of the light distribution in the CCD plane. Taking into account
that the signals are sampled with a sampling distance A in both x and y directions,
we have

sqg(m,n) =s(mA,nA) 2.1)

where m and n are integer numbers varying from to 0 to N—1, where N is the total
number of sampling points by side.

The first quantity of importance that can be computed is the quantitative phase
of 54 (m, n). It is simply obtained by computing

Im (s4 (m,n))} 22)

, n) = arctan
ol 2” {Re (5a (m )

For the digital holographic reconstruction, knowing the amplitude distribution in
a plane P1, the digital holographic reconstruction computes the amplitude distribu-
tion in a plane P2 parallel to P1 and separated by a distance d according to
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—jka%d
sy (m',n') = exp {jkd} |:Fnjn/ exp {2]JVTA2 (U2 + V2)} [Fzer,lvsd (m, n)]]
(2.3)

where m, n, m’, n’, U, and V are integer numbers varying from 0 to N—I. F*!
denotes the direct and inverse discrete Fourier transformations defined by

N-1

1 2]
[Fithgmm] =+ 3 exp {:F—J (mk + nl)} g, ) Q24
N N
k.1=0
where k, [, m, n are integers in such a way thatk,l,m,n =0,..., N — 1.

2.3 Benefits of the Partially Spatial Coherence for the DHM
in Transmission

2.3.1 Spatial Frequency Filtering

The objective of this section is to investigate the relationship between spatial coher-
ence and digital holographic reconstruction. The theoretical analysis outlines the
relationship between coherence and digital holographic reconstruction [48].

In order to have a uniform influence on the field of view, it is very important for
the spatial coherence of the illumination to be the same for every point of the field of
view (FOV). Therefore, we assume that the spatial coherence of the light distribution
illuminating the sample is represented by a stationary function I' (x; — x2, y1 — y2),
where (xp, y1) are spatial coordinates in the FOV of the microscope in the object
channel.

Performing a double Fourier transformation of I' (x; — x2, y; — y2) on the spa-
tial variables, we obtain

Fooy Fo T (r —x2. 91 — y2) = ¥ (2, v2) 8 (ug —uz, vp —v2)  (2.5)

where (u, vy) are the spatial frequencies associated with (xg, yx).

In (2.5), the presence of the Dirac function § indicates that the Fourier trans-
formed I' (x; — x2, y1 — y2) can be seen as an incoherent light distribution modu-
lated by the function y (u2, v2). Therefore, regardless of the exact way of how the
partially spatial coherent illumination is obtained, we can consider that it is built
from an apertured spatial coherent source placed in the front focal plane of a lens
as depicted in Fig. 2.3. As it corresponds exactly to the way the source is prepared
in the microscope working with a laser and rotating ground glass, we will consider
that this lens is corresponding to L2, with the focal length f> in Fig. 2.2.

We consider a transparency #(x, y) in a plane UP. We assume that the plane FP,
the back focal plane of L2, is imaged by the microscope lens on the CCD camera.
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Fig. 2.3 Realization of the Apertured
partially spatial coherent incoherent UP
illumination source L2 t(x,) FP

(-x,-y) xy’)
g -f:‘ L f_; -

We are looking at the diffraction and coherence effects on #(x, y) in the plane FP,
separated from UP by a distance d. We take benefit from the fact that the secondary
source in the plane of the apertured incoherent source (AIS) is completely incoher-
ent. Therefore, the computation of the partial coherence behavior can be derived as
follows.

We consider first an amplitude point source in the AIS plane. Next, we compute
the intensity distribution in the output plane due to this point source. Finally, we
integrate the result over the source area in the rotating ground glass plane.

Let us consider an amplitude point source § (x + x;, y + y;) located in the AIS
plane. The amplitude distribution that is illuminating the transparency #(x, y) is a
tilted plane wave in such a way that the amplitude distribution emerging out of the
transparency is expressed by

xx; + y)’i)

_— 2.6
i (2.6)

uyp(x, y) = Ct(x, y) exp <j27T

where C is a constant. To determine the amplitude distribution in FP, we apply the
free space propagation operator [54] on the amplitude distribution given by (2.6):

o L
upp(x’, y') = C'exp {jzﬂw}
b

2md d d
X exp {_Jk_fz (x,2 +y,-2)} Ts (x’ — Exi, y — Eyl) 2.7)

2

with

Ty <x/ — ix,-, y — iy,-)
) /2

= // dvuydvy exp {j2n |:vx (x/ - ix,~> + vy (y/ - i)ﬁ)“
Y f2 ’ f

kx2d
X exp {—j 5 [Uf + vi]} T (Ux, vy) (2.8)
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where C’ is a constant including terms that are not playing a significant role,
T (vx, vy) is the continuous spatial Fourier transformation of #(x, y) defined by
(2.5), and (vx, vy) are the spatial frequencies.

As can be demonstrated on actual examples, we assume that the quadratic phase
factor on the right-hand side of (2.7) can be neglected.

oxix vy d d
upp(x’, y") = C’exp {]ZHZA—fzyly} Ty (x’ — Exi, y — Ey,-) (2.9)

Equation (2.8) describes the amplitude distribution obtained in the FP plane for a
spatially coherent illumination. The next step consists in evaluating the interference
field that is actually recorded. The fringe pattern is recorded by the CCD after the
beam recombination. This is achieved by adding to (2.11) the beam originated from
the point source § (x + x;, y + y;) propagated without transparency in the optical
path. As the point source is located in the front focal plane of lens L2, the beam in
plane FP is a tilted plane wave that is written as

i N/
M} (2.10)

urer(x’, y') = C"exp {jZn
Af2
where C” is a constant.
Equations (2.9) and (2.10) are added and the square modulus of the results is
computed to achieve the light intensity

ire (¥',3') = Jurer (¢, ') +upe (v, 3)* = |7 + [Ty [* + ATy + 47T}

2.11)
where A = C”*C’, and the explicit spatial dependency of Ty was cancelled for
the sake of simplicity. The two terms linear with 7'y and T]’ﬁ, at the right-hand side
of (2.11), are the holographic signals. As we are using a phase stepping technique
or the Fourier transform method, the phase and amplitude modulus of 7 are the
significant information extracted from (2.11). We consider now the effect of the
source extension by integration over the source domain. The signal v(x’, y") that
will actually be detected can be expressed by

d d
v(x',y' d) = A// Ip? (xi, yi) Ty <x’ - Exi, y = E)’i>dxid}’i (2.12)

Equation (2.13) shows that the signal v (x’ .y ,d) is the correlation product
between Ty and the source function p? (x;, yi). By performing the change of the
integration variables x| = x;d/ f, y; = yid/ f> and by invoking the convolution
theorem, we obtain
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d vyd
V (v vyd) = [FE, L Tr (7)) ] 8 (”}2 %) 2.13)

where V, [F (ng)x, v Ty (x’, y )], and § are the Fourier transformation of v, Ty, and

p?. Equation (2.13) basically shows that the Fourier transform of the detected sig-
nal in partially coherent illumination is the Fourier transform of the signal with a
coherent illumination filtered by a scaled Fourier transformation of the source. The
scaling factor d/ f, means that the filtering process increases with d. As v(x’, y', d)
is the amplitude that is used to perform the digital holographic reconstruction, a
loss of resolution of the reconstructed focus image occurs due to the partial spatial
coherent nature of the illumination.

Equation (2.13) allows to set accurately the partial coherence state of the source
with respect to the requested resolution, refocusing distance, and the location of
the optical defects that we want to reject. As an example in biology, it happens
often that the selection of the experimental sample cell cannot be made on the only
criteria of optical quality but has also to take into account the biocompatibility.
Therefore, the experimental cells are often low-cost plastic containers with opti-
cal defects. In this situation, the partial coherence of the source can be matched to
refocus the sample by digital holography while keeping the container windows at
distances where the spatial filtering described above is efficient to reduce the defect
influence.

With (2.13), it is expected to have an increasing resolution loss with the dis-
tance between the refocused plane and the best focus plane. However, the loss of
resolution is controlled by adjusting the spatial partial coherence of the source and,
in this way, can be kept smaller than a limit defined by the user. It has also to be
emphasized that the reduction in spatial coherence is a way to increase the visi-
bility of the refocused plane by reducing the influence of the out of focus planes.
This aspect is particularly useful when the sample highly scatters the light. The
adjustment capability of the spatial coherence is then a very useful tool to tune
the image visibility and the depth of reconstruction with respect to the sample
characteristics.

2.3.2 Multiple Reflection Removal

Partial coherent illumination also removes the multiple reflections that can occur
with coherent illumination. It is obvious with the LED illumination due to the small
temporal coherence. However, it is also true with the microscope working with the
RGG and the laser source. In this case, we assume that a reflection introduces an
increase of the optical path d. If the distance d introduces a significant decorrelation
of the speckle pattern, the contrast of the interference fringe pattern between the
reflected beam and the direct beam is reduced. We consider the geometry of Fig. 2.3.
As in the RGG plane, the instantaneous amplitude field can be expressed by the
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product of a random phase function » by an amplitude modulation p. The function
r is defined by

r(x,y) =exp{jo (x, )} (2.14)

where ¢ (x, y) is a random function with a constant probability density on the inter-
val [0, 2r]. It is also assumed that ¢ (x, y) is very rapidly varying in such a way that

(r* (x',y/)r(x,y))=8(x’—x,y/—y) (2.15)

where ( ) denotes the ensemble average operation.
Therefore, the instantaneous speckle amplitude field in the object plane is
expressed by

s (x,y) = exp{j2kfa} (P ® R) <Aif2 %}CZ) (2.16)

where R and P are the Fourier transformations of, respectively, p and r.

We consider that, in the optical path, we have a double reflection on a window
that is introducing an additional optical path d. Let us call this double reflected beam
s'(x’, ¥"). It can be seen as the s(x, y) beam propagated by a distance d:

o — A ) | o jkdi* o, Fl
s'(x', y') = Aexp (jkd) (©)x,y XP _T (Vx + l)y) [ (C)vx,vys(x7 Y)]

2.17)

where A defines the strength of the double reflection. Inserting (2.16) in (2.17), we
obtain

_ _ jkdx?
s'(x",y") = A exp (ikd) |:F(Cl)x’,y/ exp <_T (vf + v§>
X 1 (=vekfa, —vyAf2) p (—vehfa, —vyxfz)] (2.18)

If the quadratic phase factor is slowly varying over the area where the p func-
tion in (2.20) is significantly different to zero, s’ (x’, y’) is very similar to s (x, y)
and they mutually interfere to result in a disturbing fringe pattern. On the contrary,
when the quadratic phase factor is rapidly varying on the significant area defined
by the width of p, s’ (x’,)’) and s (x, y) are uncorrelated speckle fields and the
interference modulation visibility is reduced when the ground glass is moving.
Assuming that the laser beam incident on the ground glass has a Gaussian shape, p
is expressed by
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x2+y2
p(x.y) ccexpy——

(2.19)

where w is the width of the beam. Using (2.19), the width of p (—vxAf2, —vyAf2) in
(2.18) is equal to w?/A? fzz. We assume that we obtain a large speckle decorrelation
when the quadratic phase factor in the exponential of (2.18) is larger than &, and

when (v)% + vf,) is equal to the width of p (—vxAfa, —vyAf2). Therefore, a speckle

decorrelation between s’ (x/ Yy ) and s (x, y) is achieved when

d 2
e (2.20)
A5

As the width w is adjusted by changing the distance between the lens L1 and the
rotating ground glass (RGG), multiple reflection artifacts are removed by a differ-
ence path distance d appropriately reduced.

2.3.3 Coherent Noise Removal

A major issue of the full coherent illumination is the coherent speckle noise that
arises on the unavoidable defects of the optical system, on the sample container that
can be in some cases of poor optical quality, and on the sample itself when it is bulky
and scatters the light. The speckle results from the coherent superposition of random
contributions that originate from out of focus locations. A way to reduce the strength
of the speckle noise is to reduce the spatial coherence of the beam illuminating
the sample. The relation between the noise and the spatial and temporal coherence
states, although not performed in the frame of digital holography, has already been
shown many years ago [55].

Therefore, we will give here an example from a fluid physics experiment. The
images of Fig. 2.4 are magnified parts of digital holograms that were recorded with
a partially spatial illumination and a fully coherent illumination. The object is identi-
cal and consists of 5 pm particles immerged in distilled water. In the partially spatial
coherent case, we observed that the diffraction pattern of the unfocused particles
is clearly distinguishable. As a result, the digital holographic reconstruction can
be applied to refocus the particles in the field of view. On the contrary, with the
full coherent illumination, the only visible particles are those that are focused and
the background is a speckle field. In that case the digital holographic refocusing is
very noisy. The microscope lenses L3 and L4 are 20x microscope lenses with a
numerical aperture of 0.3. The magnification, given by the ratio between the focal
lengths of L5 and L3, is 15x to provide a 390 um x 390 pum field of view on the
CCD sensor. According to [17], the maximum refocusing distance, in the coherent
case, without significant loss of resolution, is approximately £250 pwm around the
best focus plane.
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2.4 Experimental Demonstrations and Applications

2.4.1 Biomedical Applications

The biomedic ]ppl s that we present below have bee pfmdwhh
DHM illumin h LED, as des b d in g 2.1. Oh ppl using
the DHM ¢ ﬁg Wkgwhp ially spatial coher fml
beam are curren ly d developmen
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2.4.1.1 Study of Cell Cultures

The DHM that we developed is a powerful tool to study cell cultures and their
evolution in time.

Thanks to the partially coherent source, the holographic microscope provides a
bright field image quality equivalent to a classical microscope, even with sample
container of poor quality such as plastic dishes (Fig. 2.5a).

As the full information on the optical field transmitted by the sample is recorded,
it is possible to emulate classical optical microscopy modes such as differential
interference contrast (DIC) to improve the visibility of unstained living cells [17]
(Fig. 2.5b). The quantitative phase computation is used to analyze dynamically the
cell morphology with nanometric accuracies (Fig. 2.5¢, d).

2.4.1.2 The Implementation of Fluorescence Imaging in DHM

We developed and patented a DHM and a method to perform refocusing of flu-
orescent images recorded out of focus [56]. A broadband light source associated
with excitation and an emission filter is implemented in the holographic micro-
scope to record the fluorescence image in reflection. A process combines the
digital hologram to the fluorescence image in such a way that the latter can be
refocused.

The method is illustrated in Fig. 2.6 with fixed green fluorescent protein (GFP)-
labeled rat liver cells [14]. Focus and defocus fluorescent images were recorded
(Fig. 2.6a, b). The defocus fluorescent image was combined with the digital holo-
gram to refocus it (Fig. 2.6c). We observe that the refocusing process provides an
accurate visibility of the individual fluorescent cells.

2.4.1.3 Observation and Morphology Analysis of Cell Fusions and Hybrid
Formation

The formation of hybrids between tumor cells and dendritic cells (DC) is an inter-
esting approach for anti-tumor vaccination. Such hybrids combine the expression of
specific tumor antigens and the machinery for their optimal presentation, indispens-
able for the induction of an efficient immune response.

The RUBIO team (‘Unité de Recherche en Biothérapie et Oncologie de
I’Université Libre de Bruxelles’) performs of in vitro fusions between different
cell lines some of which are labeled with a fluorophore. In collaboration with this
laboratory, we performed observations with the digital holographic microscope of
fusion events between Chinese hamster ovary cells (CHO-FMG) and rat glioblas-
toma cells (9L-eGFP) expressing enhanced green fluorescent protein (eGFP). The
digital holographic microscope allows to visualize the fusion events and the forma-
tion of hybrids in real time. Accurate analysis of the process is also achieved thanks
to the quantitative phase contrast measurement.
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Fig. 2.5 Cell culture in a plastic dish, observed with the digital holographic microscope work-
ing with a LED. These quality images illustrate the multimode capabilities of this microscope.
It allows to obtain the classical microscopy modes combined with the measurement of the optical
thicknesses with a nanometric precision. (a) Brightfield image; (b) DIC emulation image; (¢) phase
image; (d) unwrapped phase image; (e) 3D graph of a cropped region from the unwrapped phase
image d
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Fig. 2.6 Demonstration of fluorescent refocusing of rat liver cells. (a) 80 pum defocus fluorescence
image; (b) digital holographic refocusing; (c) focus fluorescent image

Fig. 2.7 Upper row images combine brightfield (B&W) and fluorescence images (green). The
lower row images are a combination of the corresponding phase (B&W) and fluorescence images
(green). The change of color of the left cell outlined by the arrows demonstrates the exchange of
biological material between the cells

Different combinations of time-lapse modes show the fusion events between
unlabelled CHO-FMG cells and fluorescent 9L-eGFP cells (Fig. 2.7).

Figure 2.8 is a sequence of unwrapped phase images in pseudocolor showing the
evolution of the optical thickness of the cells during a fusion process.
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Fig. 2.8 Seven pseudocolour unwrapped phase images extracted from a time lapse

2.4.1.4 Migration of Cancer Cells

The capability to observe unstained living cells in turbid media is shown for the
migration of cancer cells embedded in a collagen gel [17]. In collaboration with the
Laboratory of Toxicology and the Department of Logical and Numerical Systems
of the Université Libre de Bruxelles, we performed time lapse experiments with
the digital holographic microscope with the LED illumination on unstained HT-
1080 fibrosarcoma cells embedded in a thick 3D collagen matrix (thickness around
1,500 pm). Digital holograms were recorded every 4 minutes for 48 h.

Thanks to the partially coherent nature of the source, one obtains holograms and
very accurate images of migrating cancer cells inside the gel and it is possible to fol-
low the behavior of every cell in time. A semi-automated software package allowed
to perform a 4D analysis of the cancer cell migration dynamics on the time-lapse
sequence based on three visualization modes provided by the holographic micro-
scope, i.e., the bright field, the phase image, and the DIC modes (Fig. 2.9).

A custom software allows to determine a ROI and to displace it in the hologram.
Inside this ROI, the operator can refocus with the mouse wheel the different cells
embedded in the gel and the recording of the (¢, X, Y, Z) locations is carried out
with a mouse click on a central point inside the cell body, an usual way to record
cell locations in computer-assisted cell tracking experiments. Stacks of 4D images
allow to observe the cell displacement during the experiment [17].

With those experiments, we demonstrate that digital holographic microscopy is
an efficient non-invasive tool to monitor cells” behaviors in 3D environments closer

Fig. 2.9 Example of two different visualization modes that can be combined. Bright field image
(a) and phase image (b) of cancer cells inside the collagen gel
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to the in vivo conditions. It offers the potentiality to observe action of drugs on 3D
marker-free cell cultures in real time.

More generally, thanks to its configuration, this microscope allows to study
microscopic elements present in turbid media.

2.4.2 Hydrodynamic Flow of Micron Size Particles

2.4.2.1 Reconstruction of Size-Calibrated Particles in a SPLITT Cell

In this section, we describe the use of the DHM described in Fig. 2.2 to analyze
an hydrodynamic flow of micron size particles, passing through a split-flow lateral-
transport thin (SPLITT) separation cell [57]. This class of separation performs a
continuous and rapid fractionation of macromolecular and particulate materials.

The digital holographic reconstruction in depth of flowing particles provides a
measure of the particle location to assess the influence of the hydrodynamic effects
[58, 59] on the separation efficiency, as well as particle—particle and particle-wall
interactions. DHM permits to obtain the particle diameters, their 3D positions in
the channel, and an estimation of their mean velocities. In the case of a mixture
of bidisperse particles, DHM can be used to distinguish the two species and their
behaviors. A SPLITT cell used to separate particles by their sizes is inserted into the
sample holder. The cell is a thin ribbon-like channel of 234 um thickness, having
at its extremities two inlets and two outlets that are separated by splitters. The inlet
splitter allows to separately inject the sample through one inlet and the carrier liquid
through the other inlet. The outlet splitter divides the flow into two sub-streams in
the outlets (Fig. 2.10).

The microscope lenses L3 and L4 are 20x microscope lenses with a numeri-
cal aperture of 0.3. The magnification is 20x to provide a 300 pm x 300 wm field
of view.

For the experiments, we used different latex bead samples: mono-disperse poly-
mer microspheres of 4 and 7um diameter and nominal latex beads of 10 um.
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sample substream non-mobile or less mobile species
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Fig. 2.10 Split-flow lateral-transport thin (SPLITT) separation cell



48 F. Dubois et al.

(b)

Fig. 2.11 (a) Digital hologram of unfocused size-calibrated 4 um latex beads flowing at a mean
velocity of v = 5.34cm/s. (b) Numerical refocusing of the digital hologram of Fig. 2.11a. The
particles have a mean size of 4.2 + 0.6 wm and a refocus distance of 23.4 £ 2.6 um

Double-distilled deionized water is used as carrier fluid. An example of recorded
hologram is provided in Fig. 2.11a. The microscope is initially focused on the inter-
nal front channel wall. By digital holographic reconstructions, the focus distances
and the sizes of the suspended particles are determined (Fig. 2.11b). The measured
particle sizes are in agreement with the specifications: 4.2 + 0.6 pm, 7.2 & 0.6 wm,
and 10.2 £ 0.6 pm. A maximum estimated error of 0.8 pum is obtained. The DHM
gives the particle focus distance with an accuracy of £2.6 um which means that
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the particle position over the channel thickness is determined with an accuracy of
about 1%.

2.4.2.2 Experimental Measurements of Particles in Flows

When the particle size increases, their transversal migrations, due to hydrodynamic
effects, are expected to increase. When a mixture of particles of different sizes is
injected, the two species can be differentiated and therefore the respective transverse
position can be determined (Fig. 2.12a, b).

Fig. 2.12 (a) The 4 um latex bead, mean velocity of v = 3.56cm/s, has a focus distance of
25 + 2.6 pm. (b) The 7 wm latex bead has a focus distance of 50 £ 2.6 um

These results underline the capacity of the DHM to study the separation pro-
cesses of micron size objects in SPLITT channels.

The DHM also gives a direct assessment of particle velocities. In our specific
experimental conditions, when the mean flow velocity is greater than 7 cm/s, some
particles have too high velocities with respect to the camera exposure time. In that
case, particle holograms are blurred by the motion. We tested this operating mode
on a suspension of 0.1 % Lichrospher Si60 of 5um. Particle traces of different
lengths are observed according to the particle transversal position. As the velocity
profile is parabolic, a particle flowing near the channel center moves faster than near
a wall and therefore leaves a longer trace. By digital holographic reconstruction,
traces can be refocused and particle velocities can be deduced by measuring their
lengths (Fig. 2.13b). The quantitative agreement between theoretical and experi-
mental results is outlined in Table 2.1.

2.4.3 Dynamics of Phospholipid Vesicles

2.4.3.1 Description

Vesicles are lipid membranes enclosing a fluid and suspended in an aqueous solution
(Fig. 2.14).
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Fig. 2.13 (a) Blurred digital hologram of 5 pm Lichrospher particles flowing, at a mean velocity
of v = 12.46 cm/s, in the SPLITT channel. (b) Re-constructed image from the digital hologram
of Fig. 2.13a. Refocus distance of 40 wm. The sharp trace of some 5 pum particles can be observed

Their size ranges from a few microns to several hundred microns (Fig. 2.15).
They can be viewed as a simple model to represent the basic mechanical properties
of cells such as red blood cell with which they share several common features and
behaviors under flow. Although this is a simplified model (only one constituent in
the membrane, no cytoskeleton, homogeneous Newtonian fluid inside), they are an
interesting tool for physicists. Parameters such as diameter, volume-to-surface ratio,
and viscosity of the filling fluid can be easily varied over significant ranges.

The flow and rheology of complex fluids containing deformable objects such
as vesicles have been the subject of several experimental and theoretical studies
[58-62]. Nowadays, their behavior under shear flow is not completely understood.
When put in a shear flow, vesicles will undergo a lift force and move away from



2 Digital Holographic Microscopy Working with a Partially Spatial Coherent Source 51

Table 2.1 Comparison between the experimental and the theoretical values of the 5 um Lichro-
spher particle velocities inside the SPLITT channel

Particle number Transversal position (jum) Vexp (cm/s) vih (cm/s) Precision (%)
1 29 7 8.12 13.79
2 35 8 9.51 15.90
3 35 10 9.51 5.12
4 40 9 10.60 15.08
5 40 11 10.60 3.79
6 40 10 10.60 5.65
7 44 13 11.42 13.85
8 44 13 11.42 13.85
9 59 15 14.10 6.37

10 65 14 15.00 6.69

11 70 16 15.68 2.04

12 94 18 17.97 0.14

the wall. Digital holographic microscopy gives the opportunity to investigate the 3D
distribution versus time of vesicles flowing inside a shear-flow chamber (of about
200 pm of thickness) and to determine their size and shape.

Fig. 2.14 Schematic of a vesicle made of a bilayer of phospholipid molecules
Source: http://astrobiology.nasa.gov/team/images/2006/ciw/1829/1.jpg
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Fig. 2.15 Digital hologram of a suspension of vesicles. Vesicles size ranges from a few microns to
several hundred microns. The field of view is 420 x 420 um

Fig. 2.16 Digital holographic reconstructions of Fig. 2.15 at different refocus distances from
40 pm upstream to 40 pm downstream from the digital holographic microscope focus plan. Arrows
indicate focused vesicles
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Fig. 2.17 Phase information
extracted from Fig. 2.16 after
phase compensation

2.4.3.2 Transversal Position

Digital holographic reconstruction determines the transversal position of each vesi-
cle in the field of view (of 420 x 420 um). Vesicles are phase objects and are com-
pletely transparent in intensity when they are focused. When unfocused, they are
surrounded by a refraction ring (Fig. 2.16) visible in intensity.

Due to the transparency of vesicles, it is easier to visualize them on the phase
images. To determine their size and shape, we use compensated phase images
(Fig. 2.17).

When put in an external solution, vesicles deflate by osmosis and their mechan-
ical and hydrodynamic properties change. One of the direct consequences of the
deflating is the change of density of the vesicle. Density can be obtained by measur-
ing the sedimentation velocity of one vesicle. Figure 2.18 shows the sedimentation
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Fig. 2.18 Sedimentation curve obtained by DHM of a spherical vesicle of 15.6 um of diameter
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curve of one spherical vesicle (of 15.6 um of diameter) obtained by DHM at a fre-
quency of 24 frames/s. The Z position of the vesicle is automatically determined by
using a focus metrics [40, 63].

2.4.3.3 3D Distribution

The size and shape distribution of a suspension of vesicles can be obtained by locat-
ing the different objects inside the different reconstructed planes and by performing
a segmentation on each detected object in its focus plane. The determination of the

(a)

Fig. 2.19 Example of two vesicles with a close (x, y) position and a different z position. Centers
of vesicles 1 and 2 are separated by a distance of 24 wm. (a) Intensity image and (b) compensated
phase image
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(a) (b)
(©) (d)

Fig. 2.20 (a) Intensity image of vesicle 1. Detected z position : —87 pum; big axis : 13.5 pum; small
axis : 11.2 pm. (b) Phase image of vesicle 1. Detected z position : —87 wm; big axis : 13.5 um;
small axis : 11.2 wm; (¢) Intensity image of vesicle 2. Detected z position : —49 pm; big axis :
4.8 wm; small axis : 4.2 wm; (d) Phase image of vesicle 2. Detected z position : —49 pm; big axis :
4.8 wm; small axis : 4.2 pm

transversal position is obtained by using focus plane detection criteria [40]. The
feature extraction of each object is performed by segmentation of the compensated
phase map (active contour techniques). By fitting the segmented object with an
ellipse, we get the size and shape of the vesicle. The following example shows
the capacity of the automated software to detect and separate vesicles (of different
shapes and sizes) which are close to one another in the intensity image but with
different transversal positions (Figs. 2.19 and 2.20).

2.5 Conclusions
The objective of this chapter is to show, through some theoretical aspects and actual

implementations of applications, the benefits of digital holography with partial
coherent sources compared to classical microscopy and coherent digital holographic
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microscopy. It is particularly suitable for biomedical applications and for the study
of dynamical phenomena where the samples are thick with respect to the classi-
cal depth of focus. It becomes possible to perform a full 4D analysis of samples
without the need of a mechanical focusing stage. Digital holography microscopy
can also be coupled with fluorescence which makes it a very powerful tool for
numerous biomedical applications. In addition to the refocusing in depth, digital
holography yields the quantitative phase contrast mode that is particularly efficient
for the analysis of transparent specimens. The partially coherent nature of the illu-
mination reduces drastically the coherent noise to provide image qualities, even
in intensity modes, that are similar to the ones obtained with the best classical
microscopes.
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Chapter 3

Quantitative Phase Contrast in Holographic
Microscopy Through the Numerical
Manipulation of the Retrieved Wavefronts

Lisa Miccio, Simonetta Grilli, Melania Paturzo, Andrea Finizio,
Giuseppe Di Caprio, Giuseppe Coppola, Pietro Ferraro, Roberto Puglisi,
Donatella Balduzzi, and Andrea Galli

Abstract In this chapter we show how digital holography (DH) can be efficiently
used as a free and noninvasive investigation tool capable of performing quantitative
and qualitative mapping of biological samples. A detailed description of the recent
methods based on the possibility offered by DH to numerically manage the recon-
structed wavefronts is reported. Depending on the sample and on the investigation
to be performed it is possible, by a single acquired image, to recover information on
the optical path length changes and, choosing the more suitable numerical method,
to obtain quantitative phase map distributions. The progress achieved in the recon-
struction methods will certainly find useful applications in the field of the biological
analysis.

Deep understanding of morphology, behaviour and growth of cells and microor-
ganisms is a key issue in biology and biomedical research fields. Low-amplitude
contrast presented by biological samples limits the information that can be retrieved
performing optical bright-field microscope measurements. Due to low absorption
properties of these specimens light intensity suffers only a little change after pass-
ing through them that is not sufficient to distinguish cellular and sub-cellular mor-
phologies. The main effect on light propagating in such objects is in phase, changed
with respect to the phase of the light wave propagating in the surrounding medium.
Phase contrast (PC) imaging, since its invention [1], has been a powerful optical
tool for visualizing transparent and tiny objects. In PC microscopy, interferometric
processes are able to transform small phase variation in amplitude modulation so
that differences in the beam optical path can be visualized. Many ways exist to
obtain PC and, nowadays, optical phase microscopes are commercially available.
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Differential interference contrast (DIC) microscope is the most popular one because
of the high transverse resolution, good depth discrimination and pseudo-3D imag-
ing. Actually, standard PC techniques have the drawback to be qualitative imaging
systems because of the nonlinear relationship between the recorded image and the
optical path length (OPL).

In recent years digital holography (DH) has been considered as a promising and
alternative concept in microscopy thanks to its capability to perform intensity imag-
ing and quantitative phase mapping [2].

Holography is a relatively recent interferometric technique. Dannis Gabor’s
paper [3] from 1948 is historically accounted as its beginning. From then a large
number of improvements have been investigated and still now holography is an
upcoming technique [4—6]. The basic principle of holography is the recording of an
interference pattern on a photographic plate (classical holography) or by a charge-
coupled device (digital holography) and then, from the reconstructed wavefront, it
is possible to manage the amplitude as well as the phase of the optical wavefield.

In this chapter the flexibility of DH will be employed to carry out both quantita-
tive phase microscopy (QPM) and qualitative PC imaging. In particular, DIC perfor-
mance on biological sample will be demonstrated. DH allows to choose, depending
on the sample, the phase analysis to be performed and so the aim is to present it as
a good candidate for complete specimen analysis in the framework of no invasive
microscopy.

3.1 Digital Recording and Numerical Reconstruction in DH

Each optical field consists of amplitude and phase distributions but all detectors
or recording materials only register intensity. If two waves of the same frequency
interfere, the resulting intensity distribution is temporally stable and depends on the
phase difference AW. This is used in holography where the phase information is
coded by interference into a recordable intensity. To get a temporally stable inten-
sity distribution, AW must be stationary (at least during the recording procedure)
which means that wavefields must be mutually coherent. The two interfering waves
are commonly named object and reference beams and the light source is a laser
whose wavelength depends on the final experimental goal and samples under inves-
tigation. Experiments presented in this chapter are performed in ‘off-axis’ arrange-
ment [7, 8] with the object beam separated from the reference one by an angle 0
as shown in Fig. 3.1a. The interference pattern (hologram) between the reference
wave and the light reflected or transmitted by the object is recorded. Then the
object is removed and the hologram illuminated with the original reference beam
(Fig. 3.1b). The complex amplitude of the transmitted wave consists of three terms:
the directly transmitted beam (zero diffraction order), a virtual image of the object
in its original position and the conjugate image which, in this case, is a real image.
In DH the recording material is a charge-coupled device (CCD) camera [9-11], i.e.
a 2D rectangular raster of N x M pixels, with pixel pitches A& and A in the two
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Fig. 3.1 Schematic view of the off-axis configuration for hologram recording (a) and image
reconstruction (b)

directions. Therefore, the wavefront is digitized and stored as an array of zeros and
ones in a computer. The stored wavefront can be mathematically described using
the following relation:

N M
DO 8 —kAag.n—1An)

h(kAE,IAN) = h (&, n) rect(
k=1 I1=1

NAE’ MAn>
3.1)

where § (€, n) is the 2D Dirac delta function, k and / are integer numbers, (N - A§) x
(M - An) is the area of the digitized hologram, rect(¢, n) is a function defined as a
constant amplitude value, if the point of coordinated (£, 1) is inner to the digitized
hologram and is zero elsewhere.

Figure 3.2 shows the relative positions of object, hologram and image planes; z
is the optical axis.

The reconstruction process is achieved through numerical back propagation
based on the theory of scalar diffraction. During reconstruction, the digitalized
hologram, h(n,m), is an amplitude transmittance or aperture that diffracts the

1 L&
Hologram
Plate

Optical Axis
z

X

¥ 5

Fig. 3.2 Geometry for digital Obi
- ; ject Plane Hoisarar Plagis Image Plane
recording and numerical blx rjf Faeif g hix I_’}") T

reconstruction hEnlz=0



64 L. Miccio et al.

digitalized reference wave, r(n, m); the propagation of the wavefield u(n, m) =
h(n, m) - r(n, m) from the hologram plane to a plane of observation is numerically
calculated. Focused image of the original object should be situated at z = d and
z = —d provided the reference is a plane wave. A detailed derivation of the mathe-
matical formulae of diffraction theory is given by Goodman [12]. Thus, a digitalized
version of the reconstructed wavefront 4'(x’, y’) in the plane of observation can be
numerically calculated by a discretization of the Rayleigh—Sommerfeld’s diffraction
integral in the Fresnel approximation [13, 14], i.e.

)712

22)pFT {h &, 1) r (k1) eiﬁ("“f”“"z)} 3.2)

. 7 .
i22d lmd’< n2
b (n,m) = ——e "™ \ag?
ixd

+

where DFT denotes the discrete Fourier transform, which can be easily calculated
by a fast Fourier transform (FFT) algorithm.

Equation (3.2) represents a complex wavefield with intensity and phase distribu-
tions / and AW given by

I (n,m)="b n,m)b'x(n, m) (3.3a)
_ I {b’ (n, m)}
AV = arctanm (33b)

1 {b’ } and R {b’ } are imaginary and real parts of &', respectively. The reconstructed
image is a matrix with elements (2, m) and steps

d'x , d’'x
and Ay’ =
NAE M An

/

(3.4)

Ax" and Ay’ are the reconstruction pixel (RP) sizes and represent the technique
resolution. They depend, besides laser wavelength and reconstruction distance, on
the physical dimensions of the CCD detector (N A& x M An).

Optical setups to record holograms in the experiments described in the following
are Mach—Zehnder interferometers working at one or more wavelengths. In Fig. 3.3
schematic drawing of DH setups is reported for two wavelengths.

Laser beam of each wavelength is separated by a beam splitter (BS) in refer-
ence and object waves and sample are positioned along the object beam path in
transmission geometry in order to allow the light passing through it. In microscope
configuration light coming from the specimen is collected by a microscope objec-
tive (MO) and made to interfere with the reference beam. The interference pattern
(hologram) is recorded by the CCD positioned at distance d from the image plane.
Then the hologram is back propagated to calculate intensity and phase of the object
beam in the image plane (3.3). In the presence of the MO the RP size depends on its
magnification, G, according to the following expressions:
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3.2 Phase Contrast Imaging and Quantitative Phase
Microscopy by DH

In this section, numerical methods to retrieve information from the calculated phase
map will be presented. Depending on the analysis to be carried out, it is possible to
choose the numerical code to perform qualitative PCI or QPM.

Metrological measurements adopting an off-axis holographic recording setup
were first demonstrated by Cuche et al. [15]. The possibility of managing phase in
DH is attractive because aberrations can be removed in a posteriori image analysis.
In fact, it has been proved that the wavefront curvature introduced by microscope
objective and lenses can be successfully removed and/or compensated [16, 17] as
well as spherical aberration [18], astigmatism [19, 20] and anamorphism [21] or
even longitudinal image shifting introduced by a cube beam splitter [22]. Complete
compensation of aberrations is essential when quantitative phase determination is
used in application such as micro-electro-mechanical systems (MEMS) inspection
[23-25], and, nevertheless, it is fundamental when phase contrast imaging found
applications in the field of biomedicine and life sciences. Holographic metrology is
a non-destructive, label-free, full-field and online technique suitable in biology to
detect displacement and movements. Information about the integral cellular refrac-
tive index, the cell depth and, for adherent grown cells, the cell profile can be deter-
mined from DH phase contrast images of in vitro cells [26, 27].

Different techniques for removing unwanted phase factors are described in the
following sections. Experimental results on biological sample are presented and
comparison among the diverse techniques is discussed.
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3.2.1 Double Exposure Technique

The first method consists of the recording of a couple of interference patterns:
object and reference holograms [28]. The first exposure is made of the object under
investigation, whereas the second one is made of a flat reference surface in proximity
of the object. This second hologram contains information about all the aberrations
introduced by the optical components including the defocusing due to the micro-
scope objective. By manipulating the two holograms numerically, it is possible
to compensate for these aberrations. The phase distribution in the image plane is
given by
/
W(n, m) = arg [M} (3.6)
bg (n, m)
where b, (n, m) and by (n, m) are the complex wavefields calculated at distance d’
from the object hologram and the reference hologram, respectively. The requirement
for a flat surface is well satisfied when MEMS structures are inspected, because
the micro-machined parts are typically fabricated on a flat silicon substrate. In that
case the area around the structure offers a good plane surface that can be used
as reference. This technique allows to compensate all the undesired phase factors
introduced by the optical elements in the setup; so double exposure appears the
best way to recover quantitative phase information on sample object. Anyway it
has some drawbacks such as it is not applicable in case of samples lacking of flat
surrounding surface, i.e. biological sample where high cell density does not permit
the selection of a plane area. Moreover, double acquisition and double computation
increase the calculation time. Methods discussed further are developed to overcome
these limitations.

3.2.2 Self-Referencing Method

In this section, taking advantage of the possibility offered by DH to manage numer-
ically the reconstructed wavefronts, a numerical approach to get quantitative phase
maps is presented. The method is based on the creation of a numerical replica of
the original complex wavefield. The replica is digitally shifted and its phase is sub-
tracted to the original wavefront in order to obtain the QP map. This approach, that
requires the acquisition of a single hologram, is particularly suitable for modern
microfluidic bio-chip. In fact, in these structures, microfluidic channels are sur-
rounded by a very wide (compared to the channel area) flat area. This portion can
be used as a reference phase map since in this region the sample is flat, without
the object and then with a constant phase. The wavefront folding allows to super-
impose the portion corresponding to the flat area to that one corresponding to the
micro-channel and thus to the biological specimen.

The reconstructed phase map distribution in the image plane can be modelled by
the following equation:
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AW (n,m) = Wo (n.m) + = [ (1 = No)? + (m — Mo)’?]

n=Njp,...,Nny
for{m:Ml,...,MM} 3.7

where Wo(n, m) is the digitalized phase distribution of the object under observation,
N and M are the dimensions of the pixel matrix and the parabolic or defocus term
that takes into account the curvature introduced by the microscope objective. The
parabolic term is centred on the pixel with coordinates (N, My).

A region of this phase map, where the contribution of the observed object is null,
is selected. This portion can be used as reference phase map since it corresponds to a
region in which the sample is flat, without the object and, therefore, with a constant
phase.

In order to generate a reference phase map, a numerical replica of this wavefront
is laterally shifted. In particular, the obtained self-reference map can be described by

iT
Wpef (n.m) = = [ (0 = No+ AN)? + (m — Mo + AM)?]

n=Np,...,Nn
for{m:Ml,...,MM} (3.8)

where AN (AM) is the amount of shift along the x (y) direction. The integer num-
bers Ny—Np and My;—M; allow to define the width of the region of interest relative
to the object. The difference between W and W is given by the sum of the phase
map Wy with a plane that can be removed by a linear 2D fitting; in fact

W (n,m) — Ve (n,m) =

w2 o (o= (2 (o s 22

n=~Nip,...,Ny
for{szl’“.’MM} 3.9)

The method has been applied to retrieve the quantitative phase map of a bovine
spermatozoa. The hologram has been acquired by the setup illustrated in Fig. 3.3
employing a single wavelength (A = 532 nm) laser source. Moreover, a 50x micro-
scope objective (NA 0.65) has been used to improve the lateral resolution. Bovine
sperm cells, prepared by the institute ‘Lazzaro Spallanzani,” were injected into a
20 pm wide and 10 wm height polydimethylsiloxane (PDMS)-based micro-channel.

The in-focus intensity map of the object obtained by the reconstruction of the
original wavefront is reported in Fig. 3.4a

The reconstructed wavefront has been shifted on the right of about 100 pixels, the
corresponding intensity map is reported in Fig. 3.4b. The phases of the two wave-
fronts are subtracted from each other to obtain the phase map shown in Fig. 3.4c.
The regions I and III correspond to the phase map of the quadratic term introduced
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Fig. 3.4 The in-focus intensity map of the reconstructed object as it is (a) and shifted on the right of
about 100 pixels (b); the phase map distribution obtained subtracting the original wavefront and its
shifted replica (¢); the 2D and 3D unwrapped phase map after the elimination of the superimpose
plane (d) [39]

in (3.7), while region II is a visualization of (3.9). In fact, it is possible to note the
wrapped phase distribution both of the spermatozoa and of the superimposed plane.
Removing this plane by a fitting procedure, the unwrapped phase map of the object
is achieved (see Fig. 3.4d).

A further example to show the flexibility of the proposed method is the recon-
struction of the quantitative phase map of an in vitro mouse preadipocyte 3T3-
F442A cell line. The aim of this measurement is to monitor the characteristic cell
rounding and the lipid droplet accumulation during the cell differentiation. Fig-
ure 3.5a shows the in-focus image of the reconstructed intensity map divided into
four regions. By means of successively pixel-shifting operations, the wavefront can
be folded in both directions as illustrated in Fig. 3.5b. The difference between the
phase maps corresponding to the original wavefront, in Fig. 3.5a, and the folded one,
in Fig. 3.5b, is shown in Fig. 3.5c. The core of the cell under investigation is present
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Fig. 3.5 A mouse preadipocyte 3T3-F442A cell line. The in-focus image divided into four regions
(a) and its replica opportunely shifted (b). Difference between the wrapped phase maps relative to
(a) and (b) concerning region 3 (d), region 2 (e) and region 4 (f) [39]

in the zones Ph-I and Ph-IV of Fig. 3.5¢. According to (3.9), the superimposed plane
is then removed, thus obtaining the quantitative phase map shown in Fig. 3.5d. The
same approach has been applied to retrieve the sample phase distribution corre-
sponding to regions 2 and 4 where some filaments of the cell are clearly visible in
the amplitude reconstruction (see Fig. 3.5a).

Actually, the wavefront has been folded two more times with the aim to subtract
the phase relative to region 1 from the phase relative to region 2 and from the phase
relative to region 4, respectively. These operations allow to retrieve the quantitative
phase distributions displayed in Fig. 3.5e, f.

3.2.3 2D Fitting Method

In this section a method to estimate quantitatively third-order aberrations and to
remove them is presented [29]. It is based on a single hologram acquisition and
QPM of thin objects is performed that is appropriate for investigation in biology and
biomedical applications. The reconstructed diffracted field ’(n, m) in the recon-
struction plane (n, m) at distance d from the hologram is given by (3.2) while the
intensity I (n, m) and the phase distribution AW (n, m) of the reconstructed image
are determined from (3.3a) and (3.3b). AW(n, m) is reconstructed in the presence
of defocus term and higher order aberration contributions that are going to be con-
sidered. Indeed, AW (n, m) can be written in the form

U (n,m) = Vo (n,m) + AV, (n, m) (3.10)

where Wo(n, m) is the object phase distribution to be recovered and
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QT2 2
Y, (n,m)=V¥pn,m)+ W (n,m) = e["R(" o )]

+ W (n,m) (3.11)
Wp (n,m) is the quadratic contribution of the defocus aberration and W (n, m)
includes higher order aberration terms. If a very thin object is considered, localized
in a small area of the reconstructed plane, it could be assumed that the object phase
Wo(n, m) is a small perturbation of the aberration contribution to the overall recon-
structed phase map, that is, Vo(n, m) << W,(n, m). Therefore a nonlinear fitting
procedure of AW (n, m) allows to obtain a good approximation, AWyppr (1, M),
of the aberration contribution. The object phase displacement can be recovered by
subtracting out AW,y o (12, m) from the reconstructed phase map, i.e. Wo (n, m) =
AW (n, m)— AWyppro,q (1, m). This approach allows to remove aberrations to obtain
the correct QPM phase map by a single hologram.

The setup adopted (Fig. 3.3) uses a single wavelength (A = 532 nm) laser source
and the microscope objective is a 20x objective having a focal length f = 9.0 mm
and NA = 0.40. The CCD detector is made of 1280 x 1024 square pixel of 6.7 pum
size. The specimen is the mouse preadipocyte 3T3-F442A cell line described in
the previous section. Reconstruction of the phase map was performed at the dis-
tance d = 100 mm using (3.2) and (3.3) where the digital reference wave is set as
r(k,1) = 1. The QPM wrapped and unwrapped phase maps are shown in Fig. 3.6a,
b, respectively. As can be seen in the figures, the reconstructed phase is mainly
affected by the contribution of the MO, i.e. the defocus term. In addition two tilts
are also present, due to the different phases of the digital reference wave r (k, ) with
respect to the real reference wave. It is clearly visible in Fig. 3.6b that the wavefront
curvature due to the defocus of MO covers the phase retardation of the specimen
since it is very thin compared with the phase retardation introduced by the imaging
optics.

A 2D nonlinear fitting procedure of the phase map, AW (n, m), is based on the
Levenberg—Marquardt method; the surface employed to fit the phase map is a linear
combination of the Zernike polynomials [30]. This procedure provides the linear

(@) (b)

Fig. 3.6 QPM wrapped phase and unwrapped phase after Fresnel reconstruction. (a) Wrapped
phase and (b) unwrapped phase map of the rectangle pointed out in (a). In (b) the cell shape,
embedded in the wavefront curvature, is clearly visible [29]
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Table 3.1 Zernike polynomials employed to fit the wavefront curvature and computed coefficients

Zernike polynomials ai(o)
X x tilt 0.3700
y y tilt —0.2143
2xy Astigmatism at £45° —1.7994E-006
—1 4 2y% 4 2x? Focus 5.6770E-004
y2 —x2 Astigmatism at 0° —9.6360E-006
1 —6y? — 6x% + 6y* 4+ 12x2y% 4 6x* Spherical Aberration 8.9254E-009
combination coefficients ai(o) to calculate
(o)
AWappra (n.m) =)~ a/”Zi (n,m) (3.12)

Table 3.1 shows the Zernike polynomials used in the fit and the computed coef-
ficients. The fitted surface is then subtracted to the phase map to obtain the object

phase retardation Vo (n, m).

Fig. 3.7 QPM phase map of the tiny cell after the subtraction of the fitted surface which is a linear
combination of the Zernike polynomials. (a) Only the defocus term and tilts have been considered
and (b) third-order spherical aberration and astigmatism also have been taken into account. (¢) and
(d) Pseudo-3D plot of (a) and (b), respectively [29]
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Fig. 3.8 (a) Reconstructed phase map of the cell by means of the double exposure technique and
(b) subtraction between the maps obtained with the two different methods [29]

Figure 3.7 shows the results after subtraction. The surface is fitted by includ-
ing only the focus term and tilt term in the Zernike polynomials, but it is clear
from Fig. 3.7a, c that a residual aberration is still present. Then to clean the phase
map of all optical aberrations even the astigmatism and third-order spherical aber-
ration terms are added to fit the phase surface and the final result is displayed in
Fig. 3.7b, d. In these conditions it has been assumed that the object is thin, since
the phase contribution due to the cell is about 4 rad, while the whole wavefront
is about 150 rad, i.e. the cell phase retardation is of the order of 3% of the phase
modulation AW (n, m) of the evaluated wavefront. Finally, the correctness of the 2D
fitting procedure is evaluated by comparing this method with the double exposure
one which makes use of the reference and object hologram. Figure 3.8a is the phase
map obtained with double exposure method. The difference between the phase map
computed with two different techniques is a plane of about 1 rad (Fig. 3.8b) inside
the background noise of the solution in which the cell is living.

The described procedure applied to remove the optical aberration in QPM for
thin objects is very simple but very effective for many reasons. It does not require
either double recording holograms or iterative procedures to find expansion coeffi-
cients and, moreover, it avoids the problem to select a flat area of the hologram to
perform the fit of the surface containing the lens aberrations. However, the described
technique is particularly useful for inspection and investigation of thin objects. The
methods reported in the following sections allow to overcome this limitation.

3.2.4 Numerical Lateral Shearing Method

Numerical lateral shearing (LS) method applied to DH allows to remove the
parabolic phase factor introduced by the microscope objective present in the record-
ing setup. These parabolic or defocus terms mainly affect the reconstructed phase
distribution of a sample object in respect to the other optical aberrations. Combin-
ing LS method with DH it is possible to perform QPM by using a single recorded
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hologram [31, 32]. The reconstructed wavefront and its replica, obtained digitally by
numerical shifting in the image plane, can be subtracted from each other to produce
an interferometric shereogram from which the phase map of the object can be
retrieved. The process is analogous to lateral shearing interferometry (LSI) usually
adopted for retrieving wavefront aberrations in optical testing [33]. The procedure
can be applied to transparent objects as well as opaque samples. The reconstructed
phase map in the image plane is expressed by (3.7), that is, as the summation of
the phase contribution due to the sample object and a quadratic or defocus term
introduced by the microscope objective used to image the sample, i.e.

AW (n, m) = Wo (n, m) + % (n2 + mz) (3.13)

To evaluate Wg (n, m) a numerical lateral shearing in the image plane is intro-
duced for both x and y directions, namely

AV, =V (n,m) — ¥V (n — sy, m) (3.14)
AV, =W (n,m) — WV (n,m— sy) '

The two shearogram maps, AW, and AWy, are related to the first-order derivative
of the wavefront if the amount of the shear, s, and sy is small. Taking into account
(3.13) such derivatives can be written as

o U, — _ / :
SV (x',y) LAY Wo(rm) o(n—sx.y) N 275 (.15
ox Sy Sy AR
SW (x’, y’) AV, Yy (n,m)— ¥ (n, m— sy) N i2msy
A m

Sy Sy sy AR

(3.15b)

Subtraction of the linear terms in the previous equations, representing the defocus
aberration, gives the digital shearograms:

Aoy = Yo (n,m) — W (n — 55, m) (3.16)
AVy , =Yg (n,m) — ¥ (n, m — sy) ’

From the knowledge of the differences AWy, and AW , along the x and y
directions, object phase distribution Wo(n + An, m + Am) at the mesh point (n +
Am,n + Am) can be determined by standard numerical integration procedures of
its finite-difference approximation:

Yo(n + An,m + Am) = Yo(n, m) + AWo(n, m)An + AWo(n,m)Am (3.17)
LSI combined with DH has been used to monitor lipid droplet accumulation dur-

ing differentiation in a preadipocyte 3T3-F442A mouse cell line. This investigation
is aimed at studying a possible role of endocannabinoid signalling in the control of
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adipocyte differentiation and function. We expect to identify lipid droplets growth
and accumulation detecting modification in the OPL of the laser beam passing thor-
ough each cell. Traditional methods in biology are based on staining the cell culture
with the dye Oil Red-O but such method is invasive and can give false responses.
LSI and DH allow to calculate sample OPL without any reference digital hologram
or cumbersome digital adjusting procedure that is necessary because hundreds of
holograms have to be recorded during the observation stage. In fact, for the consid-
ered case, a cell line differentiates into adipocytes that were once confluent, which
takes approximately 10 days, and media changes have to be made every 48 h.

Figure 3.9 illustrates the results of numerical steps to get quantitative phase con-
trast map for an in vitro mouse cell. Figure 3.9a, b shows the shearograms obtained
from a single digital hologram at the image plane. The shearograms were obtained
subtracting digitally two complex wavefields sheared of s, = 1 pixel and s, =1
pixel along the x and y directions, respectively. Figure 3.9c displays phase map
retrieved from the shearograms of Fig. 3.9a, b after the integration step. Finally,
Fig. 3.9d shows a pseudo-3D representation of the calculated phase map.

The procedure described is helpful in biology to check the behaviour of time-
dependent processes because it does not require the specimen killing and furnishes
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Fig. 3.9 Shearogram along x (a) and y (b) directions; (¢) quantitative phase map of a mouse cell
with lipid accumulation and its 3D plot (d) [31]
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a quantitative analysis of its refractive index and thickness variation. However, it
allows to compensate only the defocus term due to the microscope objective. If
compared with 2D fitting technique LSI could be applied to a wide range of sample
because the thin object assumption is not required.

3.2.5 Differential Holographic Interference Contrast

In this section the flexibility of DH will be employed to perform DIC imaging of
biological sample. Indeed a novel concept of DIC in microscopy can be envisaged
by using DH; we named here DHIC (differential holographic image contrast) the
numerical implementation of DIC images starting from DH recording. From a single
hologram, it is possible to measure, at the same time, the gradient in phase in all
directions in the transverse plane. Moreover, the possibility to image a radial shear
will be demonstrated.

Both the preadipocyte 3T3-F442A mouse cell line and bovine spermatozoa
described in Sect. 3.2.2 are investigated in order to prove DIC feasibility by DH. In
particular, the bovine sperm cells were prepared by the institute ‘Lazzaro Spallan-
zani’ after fixation in suspension of the seminal material with 0.2% glutaraldehyde
solution in phosphate-buffered saline (PBS) without calcium and magnesium (1:3
v/v). A drop with volume 6 WL has been deposed on a glass slide and then covered
with a cover slip (20 mm x 20 mm). The cover slip has been linked to the glass slide
by means of a strip of varnish.

Setup for image acquisition is an optical coherent microscope based on DH
(see Fig. 3.3) employing a single laser source (A = 632.8 nm). After leaving the
specimen plane the diffracted light is collected by the MO (20x magnification, 0.4
numerical aperture). Reconstruction of the phase map distribution was performed at
distance d = 170 mm. The resolution in the image plane, calculated by a test target,
is Ax = 0.23 wm for the mouse cell sample and Ax = 0.1818 wm for the bovine
spermatozoa one.

The reconstruction algorithm is divided into two stages. The first one is the usual
back propagation of the recorded holograms based on the diffraction integral in the
Fresnel approximation to calculate the complex wavefield (3.2, 3.3). In Fig. 3.10,
intensity and OPD = AWA /27 for a bovine spermatozoa are displayed. In this first
picture the phase map is obtained using the standard procedure of the double expo-
sure, that is, object and reference holograms curvature are subtracted to compensate
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Fig. 3.10 Quantitative
intensity (a) and phase (b)
distribution for a bovine
spermatozoa [40]
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Fig. 3.11 Schematic
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the optical aberration in the setup (Sect. 3.2.1). Double exposure method and LSI
combined with DH are well suited and commonly used processes to retrieve quan-
titative information for this specimen [34].

The next step proposed concerns the possibility to generate DIC images from
the object hologram (i.e. from one recording). The complex wavefield b'(n, m) is
processed to obtain phase difference contrast images of the sample in several direc-
tions. For each direction a replica of b’(n, m) is calculated digitally by numerical
shearing in the image plane (see Fig. 3.11). The sheared wavefront is subtracted
from the original one to obtain the difference phase image of the sample [31].

If the defocus term is considered as the main contribution to the phase retardation
and the higher order aberrations are neglected the calculated phase difference is

ik
AV =Yy (n,m) — Yy (n + Sy, m —l—sy) — ZI_R (2nsx —i—s)% + 2msy, +s§) (3.18)

The shear quantities depend on the direction, p, as follows:

Sy = pcosf
sy = psinf (3.19)
The equivalent DIC images are obtained by the following:
DIC (n,m) =1 —cos (AW) (3.20)

An application of the routine is performed on the bovine sperm. The modulus of
the shear is kept constant and equals 2 pixels, that is, about 364 nm. The proposed
routine is very easy and effective, phase gradient in all directions is calculable just
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Fig. 3.12 DHIC images in different shear directions of a sperm cell [40]

modifying one parameter: the shear angle ©. In Fig. 3.12 the results obtained on the
sample are displayed, a shear angle step of 30°C is accomplished. From the picture
it is clear that, depending on ¢, different specimen areas are put in evidence.

A more complete analysis can be carried out on samples having a radial sym-
metry as in the case of the in vitro mouse cell shown in the following. Besides
the direction-dependent shift a radial shear is accomplished that is able to enhance
the cell boundaries as a whole and not only an angular portion. The recorded
hologram and the corresponding OPL, obtained by digital LSI, are displayed in
Fig. 3.13.

DHIC images are retrieved as described before and displayed in Fig. 3.14.
Numerical shifting of the complex wavefield is responsible for the presence of
a plane whose inclination depends on the shear direction (3.18, 3.19). Converse
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(@) (b)
Fig. 3.13 Recorded hologram of a mouse cell (a) and its corresponding OPL (b) [40]
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Fig. 3.14 The corresponding DHIC images in the presence of a tilted plane
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Fig. 3.15 (a) Wavefront subtraction of complex wavefield in two different planes; (b) the corre-
sponding radial DIC image for a mouse cell; (¢) magnification of (b)

to the spermatozoa images displayed in Fig. 3.12, the DHIC images affected by
these planes are shown in order to better visualize the direction-dependent phase
gradients.

In order to better highlight the cell boundaries as a whole a radial shear is applied
on the cell. Complex wavefield is calculated in two different planes: the image plane
at the reconstruction distance d and a slightly out of focus plane positioned at dis-
tance d + 8d. The phase difference is calculated as subtraction of the wavefront
curvature in these two planes. AW is shown in Fig. 3.15a where the presence of
fringes due to the unavoidable difference in curvature is clear. In Fig. 3.15b the
corresponding DIC image is presented.

This last evaluation is purely qualitative but it could be useful in checking of cell
damage or breaking otherwise not visible.

3.2.6 Synthetic Wavelength Holography

Interferometry often requires an extended range of phase measurement without 27
ambiguity in the phase map due to the long OPL in the tested sample. To overcome
this limitation a multi-wavelength configuration is typically used, the aim being to
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generate a longer synthetic wavelength for retrieving the phase without ambigu-
ities in an extended range [35, 36]. Multiple wavelengths employed in the same
optical apparatus lead to the occurrence of chromatic aberrations [37]. DH flexibil-
ity, consisting in the numerical re-focusing process, offers the opportunity to com-
pensate aberrations and remove the errors in the QPM without mechanical adjust-
ment. A procedure is implemented to find the relative focal shift among the various
wavelengths. Phase map with an extended OPL range using only two holograms at
two different wavelengths is presented and results on in vitro mouse cell fibroblast
are shown [38]. Figure 3.3 illustrates the DH off-axis setup adopted for recording
MWDH holograms. Two lasers with different wavelengths are used, a laser emitting
in the green region at A; = 532 nm and the other in the red region at 1, = 632.8 nm.
The optical configuration is arranged to allow the two lasers to propagate almost
along the same paths either for reference or for object beams. In order to obtain
a good superposition of the reconstructed phase contrast images at different wave-
lengths, one has to take into account the different wavefront curvatures for diverse
wavelengths and the presence of chromatic aberrations due to the optical elements
in the setup. Chromatic aberration involves a difference in the magnification and
consequently a longitudinal shift of the image plane position on the optical axis as
shown in Fig. 3.16.

Let D be the distance between the CCD and the imaging lens and dg the image
plane distance for the green wavelength Ag then the reconstruction distance mea-
sured backward from the CCD plane is rg = |D — dg|. After reconstruction of the
complex field at distance rg the total phase is calculated:

Axg (3.21)
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Fig. 3.16 Image plane shift due to chromatic aberration [38]
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where n and m are the coordinates at the image plane, ¢ is the phase retardation
introduced by the object and Mg = dg/p is the magnification at wavelength Ag
which is related to the corresponding focal length and the distance p of the object to
the lens plane (thin lens approximation). The phase ¢g (n, m) at the image plane
is the sum of the object phase, scaled according to Mg and the quadratic term
related to the curvature of the wavefront introduced by the magnifying lens. The
reconstruction pixel at wavelength Ag can be expressed as

_ A6 (D —dg)

Axg = Ay = NoAE (3.22)

Aé is the CCD pixel dimension and Ng the number of pixels employed in the recon-
structions. For the red wavelength AR we have correspondingly

nAXR _mAxR>+ b3 (1 1 > n? + m?

My Mg AR MR ) |D — dg|

R (n,m) = @o (— : Axg  (323)
where dr = dg + Adg is the position of the image plane at red wavelength which
differs from that of the green wavelength by a quantity Adg and the corresponding
reconstruction pixel is

AR (D —dRr)

AXR = AyR = TA%_ (324)

Both phases, (3.21) and (3.23), are expressed as the summation of two terms.
The first one takes into account the phase retardation owing to the sample presence,
while the second one regards the optical wave propagation from the imaging lens to
the image plane. To get the phase map for the equivalent wavelength we subtract the
foregoing phase maps:

Ap = gr — 96 = (Po.r — 90.G) + Ay, (3.25)

The residual phase, Ag;, is a parabolic term that never cancels out and invalidates
the difference phase map by the presence of circular fringes. However, Ag, can be
minimized to get a difference phase map without circular fringes. We reconstruct
the two phase maps in their own image plane and, before subtracting them, we
make a padding operation taking into account different magnification distances and
wavelengths; in particular, we set

Axg/Mg = Axg/Mg (3.26)

Equation (3.26) assumes that the reconstruction pixel size is the same for both wave-
lengths and that the residual phase, Ag,, has a minimum. The method described
can be used as a rapid, even if approximate, graphical technique to find the recon-
struction distance for one or more wavelengths (i.e. green and red, in this case)
provided that the reconstruction distance for another wavelength (blue, for example)
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is known. This graphical technique is applied to a biological sample, as illustrated
in Fig. 3.17. Physical dimension of the cell is about 25 ywm in the x — y plane. In
Fig. 3.11a the QPM map of the in vitro cell as it appears at A1 2 = A1A2/|A1 — A2,
where A1 = AR = 632.8nm and X, = Ag = 473 nm, is shown; the two maps
are reconstructed at the same distance of 110 mm. It is clear from the superimposed
fringes that a longitudinal shift exists between the two reconstructed images. These
fringes are due to the residual phase factor that is the result of the chromatic aberra-
tion and different wavefront curvatures.

If the correct reconstruction distance is known for one wavelength the focus
shift can be easily tracked and found automatically by scanning the reconstruction
distance. By applying the proposed procedure, i.e. scanning the focus of the blue
reconstruction across the red, the fringes due to the chromatic aberration can be
effectively nullified in the phase difference obtained by subtracting the phase map
of the red hologram reconstructed at the fixed distance of 110 mm and the blue

10

(©

Fig. 3.17 Difference phase map for the in vitro mouse cell. The reconstruction distance for red
wavelength is fixed at d = 110 mm while the reconstruction distance for blue wavelength is (a)
d = 110mm and (b) d = 114 mm; (c) difference between two phase maps evaluated in slightly
distant planes for the same wavelength [38]
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hologram reconstructed at various distances from 90 to 120 mm. The cell is cleared
of aberration fringes at the distance of 114 mm for blue image plane, i.e. 4 mm
further than the red image plane (Fig. 3.17b). The phase retardation introduced by
the cell is about 5.2 rad in the image plane; we have estimated that a slight difference
(~4 mm) in the reconstruction distance for the red wavelength implies a difference
in the phase map of about 0.5 rad across the edges of the cell where the defocus
produces blurring. Such difference is reported in Fig. 3.17c.

In conclusion, using two or more wavelengths has some drawbacks in the recon-
struction process, such as the presence of circular fringes on the phase maps owing
to the combined effect of different wavefront curvatures and chromatic aberration
into the optical setup. A method has been demonstrated that minimizes this com-
bined effect and retrieves phase maps without circular fringes. The method can
be easily applied thanks to the DH feature of numerical re-focusing. The proce-
dure has been employed to find automatically the right reconstruction distances
for different wavelengths and makes effective the application of MWDH in cases
where an extended measurement range is desired while maintaining interferometric
resolution.

3.3 Conclusion

This chapter has described how the DH can be efficiently used as a marker-free and
not invasive investigation tool capable of performing quantitative and qualitative
mapping of biological samples. A detailed description and discussion of the recent
methods based on the possibility offered by DH to manage numerically the recon-
structed wavefronts have been reported. Depending on the sample and on the inves-
tigation to be performed choosing the more suitable numerical method, it is possible,
from one image recording, to recover information on the OPL changes and thus to
obtain quantitative phase map distributions. It is believed that the progress achieved
in the reconstruction methods will find useful applications in the field of the
biological analysis, and we hope they can provide inspiration for further investiga-
tions for conceptual developments of new methods and systems useful in this field.
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Chapter 4
Incoherent Digital Holographic Microscopy
with Coherent and Incoherent Light

Joseph Rosen and Gary Brooker

Abstract Holography is an attractive imaging technique as it offers the ability to
view a complete three-dimensional volume from one image. However, holography
is not widely applied to the regime of fluorescence microscopy, because fluores-
cent light is incoherent and creating holograms requires a coherent interferometer
system. We review two methods of generating digital Fresnel holograms of three-
dimensional microscopic specimens illuminated by incoherent light. In the first
method, a scanning hologram is generated by a unique scanning system in which
Fresnel zone plates (FZP) are created by a coherently illuminated interferometer.
In each scanning period, the system produces an on-axis Fresnel hologram. The
twin image problem is solved by a linear combination of at least three holograms
taken with three FZPs with different phase values. The second hologram reviewed
here is the Fresnel incoherent correlation hologram. In this motionless holographic
technique, light is reflected from the 3-D specimen, propagates through a spatial
light modulator (SLM), and is recorded by a digital camera. Three holograms are
recorded sequentially, each for a different phase factor of the SLM function. The
three holograms are superposed in the computer, such that the result is a complex-
valued Fresnel hologram that does not contain a twin image. When these two types
of hologram are reconstructed in the computer, the 3-D properties of the specimen
are revealed.

4.1 Introduction

Holographic imaging offers a reliable and fast method to capture the complete
3-D information of the scene from a single perspective. Commonly, there are two
phases in the process of holography, namely, the hologram generation and its recon-
struction. Usually in the first phase, light from an object is recorded on a certain
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holographic medium, whereas in the second phase, an image is reconstructed from
the hologram in front of the viewer’s eyes. The interaction between holography and
the digital world of computers can take place in both phases: in the object acquisi-
tion and in the image reconstruction. Basically, there are two methods to generate
a hologram, optically or by computers, and there are two methods to reconstruct an
image from a hologram, optically or in a computer. The term computer-generated
hologram is usually used to indicate the hybrid method in which a hologram is syn-
thesized from computer-generated objects but the reconstruction of the hologram
is carried out optically. The term digital hologram (sometimes called electronic
hologram) specifies the other hybrid option, in which the hologram is generated
optically from real-world objects, by some kind of beam interferences, then dig-
itally processed and reconstructed in the computer. Therefore, in this review, the
term incoherent digital hologram means that incoherent light beams reflected or
emitted from real existing objects are recorded by a detecting device and digitally
processed to yield a hologram. This hologram is reconstructed in the computer,
whereas 3-D images appear on the computer’s screen. The coherent optical record-
ing is not applicable for the incoherent optics because interference between refer-
ence and object incoherent beams cannot occur. Therefore, different holographic
acquisition methods should be employed for generating an incoherent digital
hologram.

The oldest methods of recording incoherent holograms have made use of the
property that every incoherent object is composed of many source points, each of
which is self-spatial coherent and therefore can create an interference pattern with
light coming from the point’s mirrored image. Under this general principle, there are
various types of holograms [1-8], including Fourier [2, 6] and Fresnel holograms
[3, 4, 8]. The process of beam interfering demands high levels of light intensity,
extreme stability of the optical setup, and relatively narrow bandwidth light source.
These limitations have prevented holograms from becoming widely used for many
practical applications. More recently, three groups of researchers have proposed
computing holograms of 3-D incoherently illuminated objects from a set of images
taken from different points of view [9-12]. This method, although it shows promis-
ing prospects, is relatively slow since it is based on capturing tens of scene images
from different view angles. Another method is called scanning holography [13-17],
in which a pattern of Fresnel zone plates (FZPs) scans the object such that at each
and every scanning position, the light intensity is integrated by a point detector.
The overall process yields a Fresnel hologram obtained as a correlation between the
object and FZP patterns.

This review concentrates on two techniques of incoherent digital holography that
we have been involved recently with its development [17-21]. These two methods
are different from each other and they are based on different physical principles.
There are only two common aspects that exist in these two methods. First, the
system’s input signal is always an incoherent light reflected or emitted from a cer-
tain 3-D scene. Second, the final product from the two methods is a digital Fresnel
hologram.
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4.2 General Properties of Fresnel Holograms

The type of hologram discussed in this review is the digital Fresnel hologram, which
means that a hologram of a single point has the form of the well-known Fresnel
zone plate (FZP). The axial location of the object point is encoded by the Fresnel
number of the FZP, which is the technical term for the quantity of the rings density
in the FZP.

To understand the operation principle of any general Fresnel hologram, let us
look at the difference between regular and Fresnel holographic imaging systems. In
classical imaging, image formation of objects at different distances from the lens
results in a sharp image at the image plane for objects at only one position from the
lens, as shown in Fig. 4.1a. The other objects at different distances from the lens are
out of focus. Fresnel holographic system, on the other hand, as depicted in Fig. 4.1b,
projects a set of rings known as the FZP onto the plane of the image for each and
every point at every plane of the object being viewed. The depth of the points is
encoded by the density of the rings such that points that are closer to the system
project denser rings than distant points. Because of this encoding method, the 3-D
information in the volume being imaged is recorded into the recording medium.
Therefore, each plane in the image space reconstructed from a Fresnel hologram is
in focus at a different axial distance. The encoding is accomplished by the presence
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of one of the holographic systems in the image path. Each holographic system,
coherent or incoherent, has a different method to project the FZP on the image
plane. At this point it should be noted that this graphical description of projecting
FZPs by every object’s point actually expresses the mathematical 2-D correlation (or
convolution) between the object function and the FZP. In other words, the methods
of creating Fresnel holograms are different from each other by the way they spatially
correlate the FZP with the 3-D scene. Another issue to note is that the correlation
should be done with an FZP that is somehow ‘sensitive’ to the axial locations of
the object points. Otherwise, these locations are not encoded into the hologram. The
systems described in this review satisfy the condition that the FZP is dependent on
the axial distance of each and every object point. This means that indeed points,
which are far from the system, project FZP with fewer cycles per radial length than
nearby points, and by this condition the holograms can actually image the 3-D scene
properly.

The FZP is a sum of at least three main functions, a constant bias, a quadratic
phase function, and its complex conjugate. The object function is actually corre-
lated with all these three functions. However, the useful information, with which the
holographic imaging is realized, is the correlation with just one of the two quadratic
phase functions. The correlation with the other quadratic phase function induces the
well-known twin image. This means that the detected signal in the holographic sys-
tem contains three superposed correlation functions, whereas only one of them is the
required correlation between the object and the quadratic phase function. Therefore,
the digital processing of the detected signal should contain the ability to eliminate
the two unnecessary terms.

The definition of Fresnel hologram is any hologram that contains at least, a cor-
relation (or convolution) between an object function and a quadratic phase function.
Moreover, the quadratic phase function must be parameterized according to the axial
distance of the object points from the detection plane. In other words, the number
of cycles per radial distance of each quadratic phase function in the correlation is
dependent on the z distance of each object point. Formally, a hologram is called
Fresnel hologram if its distribution function contains the following term:

H(u,v) = /// g(x,y,z)exp |:127TT'3 [(u — x)2 + (v — y)z]:|dxdydz 4.1)

where g(x, y, z) is the 3-D object function and § is a constant. Indeed, in (4.1) the
phase of the exponent is dependent on z, the axial location of the object. In case
the object is illuminated by coherent wave, H (u, v) given by (4.1) is the complex
amplitude of the coherent electromagnetic field directly obtained, under the paraxial
approximation [22], by a free space propagation from the object to the detection
plane. However, we deal here with incoherent illumination, for which alternative
methods to the free propagation should be applied. In fact, in this review we describe
two such methods to get the desired correlation with the quadratic phase function
given in (4.1), and these methods indeed operate under incoherent illumination.
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The more mature technique among the two, and the one that is extensively dis-
cussed in the literature, is the scanning holography, pioneered by Poon [13-16].
There are already a textbook [15] and at least one review article [16] on scanning
holography. Therefore, in the next section we only summarize briefly the funda-
mental principles of the classical scanning holography. However, we enlighten a
more recent, and less known technique of the scanning holography, called homo-
dyne scanning holography, which we have been involved with its development
recently [17].

The second proposed incoherent digital hologram is dubbed Fresnel incoher-
ent correlation hologram (FINCH) [18-21]. The FINCH is actually based on a
single-channel on-axis incoherent interferometer. Like any Fresnel holography, in
the FINCH the object is correlated with an FZP, but the correlation is carried
out without any movement and without multiplexing the image of the scene. Sec-
tion 4.4 reviews the latest developments of the FINCH in the field of holography and
microscopy.

4.3 Scanning Holography

Scanning holography [13—17] has demonstrated the ability to produce a Fresnel
hologram of the incoherent light emission distributed in a 3-D structure. As men-
tioned above, the definition of Fresnel hologram is any hologram that contains at
least a correlation (or convolution) between an object function and a quadratic
phase function. In scanning holography, the required correlation is performed by
a mechanical movement. More specifically, a certain pattern, which is the above-
mentioned FZP, is projected on the observed object, whereas the FZP moves at a
constant velocity relative to the object (or the object moves relative to the FZP).
During the movement, the product between the FZP and the object is summed by
a lens onto a point detector in discrete times. In other words, the pattern of the
FZP scans the object and at each and every scanning position the light intensity
is integrated by the detector. The resulting electric signal is a sampled version of
the 2-D correlation between the object and the FZP. The dependence of the FZP in
the axial position of object points is achieved by interfering two mutually coherent,
monochromatic, laser spherical waves on the object surface. The number of cycles
per radial distance in each of the spherical waves is dependent on their axial interfer-
ence location. Since these beams interfere on the object, the axial distance of each
object point is stored in the hologram due to the fact that each point is correlated with
an FZP the cycle density of which is dependent on the point’s 3-D location. Classic
scanning holograms [13—16] have been recorded by a heterodyne interferometer in
which the holographic information has been encoded on a high carrier frequency.
Such method suffers from several drawbacks. On the one hand, trying to keep the
scanning time as short as possible requires using carrier frequencies, which may
be higher than the bandwidth limit of some, or all of the electronic devices in the
system. On the other hand, working with a carrier frequency that is lower than the
system limitation extends the scanning time far beyond the minimal time needed
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to capture the holographic information according to the sampling theorem. Long
scanning times limit the system from recording dynamical scenes. In the scanning
holography described in [17], the required correlation is performed by scanning
the object with a set of frozen-in-time FZP patterns. In this modified system, the
hologram is recorded without temporal carrier frequency, using a homodyne inter-
ferometer. This offers an improved method of 3-D imaging that can be applied to
incoherent imaging in general and to fluorescence microscopy in particular. As men-
tioned above, the FZP is created by interference of two coherent spherical waves. As
shown in Fig. 4.2, the interference pattern is projected on the specimen, scans it in
2-D, and the reflected light from the specimen is integrated on a detector. Due to the
line-by-line scanning by the FZP along the specimen, the one-dimensional detected
signal is composed of the entire lines of the correlation matrix between the object
function and the FZP. In the computer, the detected signal is reorganized in the shape
of a 2-D matrix, the values of which actually represent the Fresnel hologram of the
specimen. The specimen we consider is 3-D, and its 3-D structure is stored in the
hologram by the effect that during the correlation the number of cycles per radial
distance of the FZP contributed from a distant object point is slightly smaller than
the number of cycles per radial distance of the FZP contributed from a closer object
point.

As mentioned above, the FZP is the intensity pattern of the interference between
two spherical waves given by

F(x,y,2)

=Ap(x,y) {Z—I—exp[ (x2+y2)+i9]+exp[

(x2 +y?) - 19“

4.2)

T —i
A(zo+2) A (2o +2)

where p(x, y) is a disk function with diameter D that indicates the limiting aperture
on the projected FZP, A is a constant, 6 is the phase difference between the two
spherical waves, and X is the wavelength of the coherent light source. The constant
Zo indicates that at a plane z = 0, there is effectively interference between two
spherical waves, one emerging from a point at z = —z, and the other converging

Fig. 4.2 Optical setup of the homodyne scanning holography system: EOPM, electro-optic phase
modulator introducing a phase difference between the two beams; BS, beam splitter; PI, piezo
X-Y stage; OBJ, objective; PM, photomultiplier tube detector; LPF, lowpass filter; PC, personal
computer
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to a point at 7 = z,. This does not necessarily imply that these particular spherical
waves are exclusively needed to create the FZP. For a 3-D object S(x, y, z), the
correlation with the FZP of (4.2) is

H(x,y) =Sx,y,2) %« F(x,y,z)dz = /S(x, v, 2) * p(x, y)dz

- f/f Sy Hp' —x,y —y)

[ —x)2+ O = . e
6 dx'dy'd
xexp{ et ) +1 ydz

+ /// Sy Hpe" —x,y —y)

—in[(x =)+ O —
Mzo+ 7))

X exp { - ie} dx'dy’dz 4.3)
where the asterisk denotes a 2-D correlation. This correlation result is similar to
a conventional Fresnel on-axis digital hologram, and therefore, it suffers from the
same problems. Specifically, H (x, y) of (4.3) contains three terms, which repre-
sent the information on three images, namely, the Oth diffraction order, the virtual
image, and the real image. Trying to reconstruct the image of the object directly
from a hologram of the form of (4.3) would fail because of the disruption origi-
nated from two images out of the three. This difficulty is solved here with the same
solution applied in a conventional on-axis digital holography. Explicitly, at least
three holograms of the same specimen are recoded, where for each one of them an
FZP with a different phase value 6 is introduced. A linear combination of the three
holograms cancels the two undesired terms and the remaining is a complex-valued
on-axis Fresnel hologram, which contains only the information of the single desired
image, either the virtual or the real one, according to our choice. A possible linear
combination of the three holograms to extract a single correlation between the object
and one of the quadratic phase functions of (4.3) is

Hg (x, y) =H) (x, y) [exp (i63) — exp (&i6y) ]
+ Hy (x, y) [exp (&i6)) — exp (£i63)]
+ H3 (x,y) [exp (£i6,) — exp (:I:i(?l)] 4.4)

where H;(x, y) is the ith recorded hologram of the form of (4.3) and 6; is the phase
value of the ith FZP used during the recording process. The choice between the
signs in the exponents of (4.4) determines which image, virtual or real, is kept in
the final hologram. If, for instance, the virtual image is kept, Hr(x, y) is the final
complex-valued hologram of the form

Hg (x,y) = / Sx,y,2)*p(x,y) exp|: <x2 + yz):|dz’ 4.5)

A (20 + 7))
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The function Hg(x, y) is the final hologram that contains the information of
only one image — the 3-D virtual image of the specimen in this case. Such image
S’(x, y, z) can be reconstructed from Hg(x, y) by calculating in the computer the
inverse operation to (4.5) as follows:

S'(x, 3. 2) = He (x, y)  exp [% (+ y2>] (46)

The resolution properties of this imaging technique are determined by the prop-
erties of the FZP. More specifically, the FZP diameter D and the constant z, char-
acterize the system resolution in a similar way to the effect of an imaging lens [22].
Suppose the image is a single infinitesimal point at z = 0, then Hp(x, y) gets the
shape of a quadratic phase function limited by a finite aperture. The reconstructed
point image has a transverse diameter of 1.224z,/D, which defines the transverse
resolution, and an axial length of SM% / D?, which defines the axial resolution. Note
also that the width of the FZP’s last ring along its perimeter is about Az,/D, and
therefore the size of the specimen’s smallest distinguishable detail is approximately
equal to the width of this ring.

As an example of the homodyne scanning hologram, let us describe the experi-
ment from [17]. The setup shown in Fig. 4.2 was built on a standard widefield fluo-
rescence microscope. The specimen was a slide with two pollen grains positioned at
different distances from the microscope objective. The microscope objective was an
infinity-corrected 20x, NA = 0.75. The slide was illuminated by the FZP created
by the interferometer. A laser beam (A = 532nm) was split into two beams with
beam expanders consisting each of a microscope objective and a 12-cm focal-length
achromat as a collimating lens. One of the beams passed through an electro-optic
phase modulator driven by three (or more) constant voltage values, which induce
three (or more) phase difference values between the interfering beams. Note that
unlike previous studies [13-16], there is no frequency difference between the two
interfering waves since this time we record a hologram with a homodyne interfer-
ometer. The two waves were combined by the beam splitter to create an interference
pattern in the space of the specimen. The pattern was then reduced in size and pro-
jected through the objective onto the specimen. The sample was scanned in a 2-D
raster with an X-Y piezo stage. The data were collected by an acquisition system,
and data manipulation was performed by programs written in MATLAB.

The three recorded holograms of the specimen taken with phase difference values
of 012,3 =0, /2, and 7 are shown in Fig. 4.3a—c, respectively. In this figures, the
dominant term is the low-frequency term [the first in (4.2)], and therefore, without
mixing the three holograms in the linear combination that eliminates the low fre-
quency along with the twin image term, there is no possibility to recover the desired
image with a reasonable quality. These three holograms are substituted into (4.4)
and yield a complex-valued hologram shown in Fig. 4.4. This time the grating lines
are clearly revealed in the phase pattern. The computer reconstruction of two pollen
grains along the z-axis is shown in Fig. 4.5. As can be seen in this figure, different
parts of the pollen grains are in focus at different transverse planes.
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Fig. 4.3 Three recorded holograms with phase difference between the two interferometers arms of
(a) 0, (b) /2, and (¢) 7, all obtained from the homodyne scanning holography system
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Fig. 4.4 (a) The magnitude and (b) the phase of the final homodyne scanning hologram

4.4 Fresnel Incoherent Correlation Holography

In this section we describe the FINCH — a different method of recording digital Fres-
nel holograms under incoherent illumination. Various aspects of the FINCH have
been described in [18-21], including FINCH of reflected white light [ 18], FINCH of
fluorescence objects [19], FINCHSCOPE [20] — a holographic fluorescence micro-
scope, and finally SAFE [21] — a process of recording incoherent holograms in a
synthetic aperture mode. We briefly review these works in this section.

Generally, in the FINCH system, the reflected incoherent light from a 3-D object
propagates through a spatial light modulator (SLM) and is recorded by a digital
camera. To solve the twin image problem, three holograms are recorded sequen-
tially, each with a different phase factor of the SLM pattern. The three holograms
are superposed in the computer such that the result is a complex-valued Fresnel
hologram. The 3-D properties of the object are revealed by reconstructing this holo-
gram in the computer.
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(d)

(d) (e) )

Fig. 4.5 (a—f) Various digital reconstructed images along the light propagation axis obtained by
digital reconstruction from the hologram of Fig. 4.4

One of the FINCH systems [18] is shown in Fig. 4.6. A white-light source illu-
minates a 3-D object, and the reflected light from the object is captured by a CCD
camera after passing through a lens L and an SLM. In general, such a system can
be analyzed as an incoherent correlator, where the SLM function is considered as
a part of the system’s transfer function. However, we find it easier to regard the
system as an incoherent interferometer, where the grating displayed on the SLM is
considered as a beam splitter. As is common in such cases, we analyze the system by
following its response to an input object of a single infinitesimal point. Knowing the
system’s point spread function (PSF) enables one to realize the system operation for
any general object. Analysis of a beam originated from a narrowband infinitesimal
point source is done using Fresnel diffraction theory [22], since such a source is
spatially coherent by definition.

A Fresnel hologram of a point object is obtained when the two interfering beams
are, for instance, plane and spherical beams. Such a goal is achieved if the SLM’s
reflection function R(x, y) is of the form

i i 11 ]
R(x,y) = % + 3 exp [—% <x2 + y2> n 19} =3 +30 (—;) exp (i) (4.7)

For the sake of shortening, the quadratic phase function is designated by the
function Q, such that Q(b) = exp[(irh/ A)(x2 + y2)]. When a plane wave hits the
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Fig. 4.6 Schematic of FINCH recorder. BS, beam splitters; SLM, spatial light modulator; CCD,
charge-coupled device; L is a spherical lens with f = 25 cm focal length. AX indicates a chromatic
filter with a bandwidth of AA = 60 nm

SLM, the first constant term 1/2 in (4.7) represents the reflected plane wave, and the
quadratic phase term is responsible for the reflected spherical wave in the paraxial
approximation. The angle 0 plays an important role later in the computation process
to eliminate the twin image and the bias term.

A point source located at the point (xs, ys, Z5) a distance z; from a spherical
positive lens, with f focal length, induces on the lens plane a diverging spher-
ical wave of the form of Q[1/z]. To simplify the notation we assume that the
point sources are located on the front focal plane of the lens, i.e., z; = f. Right
after the lens, which has a transmission function of Q(—1/f), the complex ampli-
tude is of a tilted plane wave of the form Ci(rs)L(—rs/f) where the function L
stands for a the linear phase function, such that L(s) = exp[iZnA‘l(sxx + sy,
rs = (x4, ys), and C1(ry) is a complex constant dependent on the source point’s
location. After propagating additional distance of d; onto the SLM plane, the com-
plex amplitude is the same plane wave besides the constant term. Right after the
SLM, with the reflection function given in (4.7), the complex amplitude is equal to
Co(rg)L(—r15/f)[1 + exp(if) Q(—1/a)]. Finally, in the CCD plane at a distance d»
from the SLM, the intensity of the recorded hologram is

v =afo()o(5)e(F) ()
‘ [1 +exp(i6)Q (%)] +Q (%)
() [reewina ()] wo(L)

2
4.8)
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where A is a constant. The result of /p (x, y), after calculating the square magnitude
in (4.8), is the PSF for any source point located at any point (xg, ys) on the front
focal plane of the lens, as follows:

i dyxg 2 d2ys 2 .
IP(X,y):Ao 2+3Xp m (x—T) +(y_ f ) +i6
—in dx, ) dys\*| .
+exp{)\(a_d2) |:<x—7) +<y— G ) ]—10}) 4.9)

The reconstruction distance of the point image from an equivalent optical holo-
gram is z, = a — dp, although in the present case the hologram is of course digital,
and the reconstruction is done by the computer. Note that z, is obtained specifically
in the case that one of the phase masks on the SLM is constant. This choice is used in
all the FINCH experiments because practically the fill factor of the SLM is less than
100%, and therefore the constant phase modulation inherently exists in the SLM.
Consequently, choosing two diffractive lenses could cause unwanted three, instead
of two, waves mixing on the hologram plane, one wave due to the constant phase
and the other two from the two different diffractive lenses.

Equation (4.9) is the expression of the transparency function of a hologram
created by an object point and recorded by a FINCH system. This hologram has
several unique properties. The transverse magnification Mt is expressed as Mt =
dx,/9xs = dp/f for an object located on the front focal plane, and Mt = d;/z, for
any other plane.

For a general 3-D object g(xs, ys, zs) illuminated by a narrowband incoherent
illumination, the intensity of the recorded hologram is an integral of the entire PSF
given in (4.9), over all the object intensity g(xs, Vs, zs), as follows:

( i doxg 2
H (x,y) =A, C+///g(xs,ys,zs)exp (x— )

Ay (2s) Zs

2
+ (y — %> } + i@} dxgdysdzg
s

[l s s | (- 22)

8 (Xs, Vs Ts P ay () 2

d 2
n (y — zys) } — ie} dx,dy,dzs (4.10)

s

where y(zg), the reconstruction distance of each object point, is a complicated
expression calculated from (4.8), but this time without the special assumption of

zs=f.
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Besides a constant term C, (4.10) contains two terms of correlation between an
object and a quadratic phase, z;-dependent, function, which means that the recorded
hologram is indeed a Fresnel hologram. In order to remain with a single correlation
term out of the three terms given in (4.10), we again follow the usual procedure
of on-axis digital holography [17-21]. Three holograms of the same object are
recorded each of which with a different phase constant 8. The final hologram Hf is
a superposition according to (4.4).

A 3-D image g’(x, y, z) can be reconstructed from Hg(x, y) by calculating the
Fresnel propagation formula, as follows:

g (x,y,2) = Hr (x, y) * exp [% <x2_’_y2>j| “4.11)

The system shown in Fig. 4.6 was used to record the three holograms [18]. The
SLM (Holoeye HEO 1080P) is phase-only, and as so, the desired function given by
(4.7) cannot be directly displayed on this SLM. To overcome this obstacle, the phase
function Q(—1/a) is displayed randomly on only half of the SLM pixels. These
pixels were represented in the second term of (4.7), whereas the rest of the pixels
representing the first constant term in (4.7) were modulated with a constant phase.
The randomness in distributing the two phase functions has been required because
organized nonrandom structure produces unnecessary diffraction orders, and there-
fore results in lower interference efficiency. The pixels were divided equally, half
to each diffractive element, to create two wave fronts with equal energy. By this
method the SLM function becomes a good approximation to R(x, y) of (4.7).

The SLM has 1920 x 1080 pixels in a display of 16.6 x 10.2 mm, where only
the central 1024 x 1024 pixels were used for implementing the phase mask. The
phase distribution of the three reflection masks displayed on the SLM, with phase
constants of 0°, 120°, and 240°, are shown in Fig. 4.7a—c, respectively. The other
specifications of the system of Fig. 4.6 are f = 250mm, ¢ = 430mm, d; =
132 mm, and d, = 260 mm.

Three white-on-black letters each of the size 2 x 2 mm were located at the vicinity
of rear focal point of the lens. ‘O’ was at z = —24 mm, ‘S’ was at 7 = —48 mm,
and ‘A’ was at z = —72 mm. These letters were illuminated by a mercury arc lamp.
A filter that passed a Poisson-like power spectrum from 574 to 725 nm light with
a peak wavelength of 599 nm and a bandwidth (full width at half maximum) of 60
nm was positioned between the beam splitter and the lens L. The three holograms,
each for a different phase constant of the SLM, were recorded by a CCD camera and
processed by a PC. The final hologram Hg(x, y) was calculated according to (4.4)
and its magnitude and phase distributions are depicted in Fig. 4.7¢, f, respectively.

The hologram Hg(x, y) was reconstructed in the computer by calculating the
Fresnel propagation toward various z propagation distances according to (4.11).
Three different reconstruction planes are shown in Fig. 4.7¢g—i. In each plane, a
different letter is in focus as is indeed expected from a holographic reconstruction
of an object with a volume.
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Fig. 4.7 (a) Phase distribution of the reflection masks displayed on the SLM, with 6 = 0°, (b)
6 = 120°, and (c) & = 240°. (d) Enlarged portion of (a) indicating that half (randomly chosen)
of the SLM’s pixels modulate light with a constant phase. (e) Magnitude and (f) phase of the final
on-axis digital hologram. (g) Reconstruction of the hologram of the three letters at the best focus
distance of ‘O.” (h) Same reconstruction at the best focus distance of ‘S’ and (i) of ‘A’

In [19], the FINCH has been capable of recording multicolor digital holograms
from objects emitting fluorescent light. The fluorescent light, specific to the emis-
sion wavelength of various fluorescent dyes after excitation of 3-D objects, was
recorded on a digital monochrome camera after reflection from the SLM. For each
wavelength of fluorescent emission, the camera sequentially records three holo-
grams reflected from the SLM, each with a different phase factor of the SLM’s
function. The three holograms are again superposed in the computer to create a
complex-valued Fresnel hologram of each fluorescent emission without the twin
image problem. The holograms for each fluorescent color are further combined in a
computer to produce a multicolored fluorescence hologram and 3-D color image.
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An experiment showing the recording of a color fluorescence hologram was car-
ried out [19] on the system shown in Fig. 4.8. The phase constants of 61 23 = 0°,
120°, and 240° were introduced into the three quadratic phase functions. The other
specifications of the system are f; = 250mm, f, = 150mm, f3 = 35mm,
d; = 135mm, and d» = 206 mm. The magnitude and phase of the final complex
hologram, superposed from the first three holograms, are shown in Fig. 4.9a, b,
respectively. The reconstruction from the final hologram was calculated using the
Fresnel propagation formula of (4.11). The results are shown at the plane of the
front face of the front die (Fig. 4.9c), and at the plane of the front face of the rear
die (Fig. 4.9d). Note that in each plane a different die face is in focus as is indeed
expected from a holographic reconstruction of an object with a volume. The second
set of three holograms was recorded via a red filter in the emission filter slider F»,
which passed 614—-640 nm fluorescent light wavelengths with a peak wavelength of
626 nm and a bandwidth of 11 nm (FWHM). The magnitude and phase of the final
complex hologram, superposed from the ‘red’ set, are shown in Fig. 4.9e, f, respec-
tively. The reconstruction results from this final hologram are shown in Fig. 4.9g,
h at the same planes as shown in Fig. 4.9¢, d, respectively. Finally, an additional
set of three holograms was recorded with a green filter in emission filter slider F»,
which passed 500-532 nm fluorescent light wavelengths with a peak wavelength
of 516 nm and a bandwidth of 16 nm (FWHM). The magnitude and phase of the
final complex hologram, superposed from the ‘green’ set, are shown in Fig. 4.9i,
j, respectively. The reconstruction results from this final hologram are shown in
Fig. 4.9k, 1 at the same planes as shown in Fig. 4.9¢c, d, respectively. Compositions
of Fig. 4.9¢, g, k and Fig. 4.9d, h, 1 are depicted in Fig. 4.9m,n, respectively. Note
that all the colors in Fig. 4.9 are pseudo-colors. These last results yield a complete

Fig. 4.8 Schematics of the
FINCH color recorder. SLM,
spatial light modulator; CCD,
charge-coupled device; L,
Ly, L3 are spherical lenses
and Fy, F, are chromatic
filters
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Fig. 4.9 (a) Magnitude and (b) phase of the complex Fresnel hologram of the dice. Digital recon-
struction of the nonfluorescence hologram: (c) at the face of the red dots on the die, and (d) at the
face of the green dots on the die. (e¢) Magnitude and (f) phase of the complex Fresnel hologram
of the red dots. Digital reconstruction of the red fluorescence hologram: (g) at the face of the red
dots on the die, and (h) at the face of the green dots on the die. (i) Magnitude and (j) phase of
the complex Fresnel hologram of the green dots. Digital reconstruction of the green fluorescence
hologram: (k) at the face of the red dots on the die and (1) at the face of the green dots on the die.
Compositions of (¢), (g), (k) and (d), (h), (1) are depicted in (m), (n), respectively
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Fig. 4.10 FINCHSCOPE schematic in upright fluorescence microscope. The upright microscope
was modified with a reflective SLM positioned at a tilt angle of 11° to reflect emission light from
the objective onto the camera

color 3-D holographic image of the object including the red and green fluorescence.
While the optical arrangement in this demonstration has not been optimized for
maximum resolution, it is important to recognize that even with this simple optical
arrangement, the resolution is good enough to image the fluorescent emissions with
good fidelity and to obtain good reflected light images of the dice. Furthermore,
in the reflected light images in Fig. 4.9¢c, m, the system has been able to detect a
specular reflection of the illumination from the edge of the front dice.

The next system to be reviewed here is the first demonstration of a motion-
less microscopy system (FINCHSCOPE) based upon the FINCH, and its use in
recording high-resolution 3-D fluorescent images of biological specimens [20]. By
using high-numerical-aperture lenses, a spatial light modulator, a charge-coupled
device camera, and some simple filters, FINCHSCOPE enables the acquisition of
3-D microscopic images without the need for scanning.

A schematic diagram of the FINCHSCOPE for an upright microscope equipped
with an arc lamp source is shown in Fig. 4.10. The beam of light that emerges
from an infinity-corrected microscope objective transforms each point of the object
being viewed into a plane wave, thus satisfying the first requirement of FINCH
[18]. An SLM and a digital camera replace the tube lens, reflective mirror, and other
transfer optics normally present in microscopes. Because no tube lens is required,
infinity-corrected objectives from any manufacturer can be used. A filter wheel was
used to select excitation wavelengths from a mercury arc lamp, and the dichroic
mirror holder and the emission filter in the microscope were used to direct light to
and from the specimen through infinity-corrected objectives.
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The ability of the FINCHSCOPE to resolve multicolor fluorescent samples was
evaluated by first imaging polychromatic fluorescent beads. A fluorescence bead
slide with the beads separated on two separate planes was constructed. FocalCheck
polychromatic beads (6 um) were used to coat one side of a glass microscope slide
and a glass coverslip. These two surfaces were juxtaposed and held together at a dis-
tance from one another of ~50 pm with optical cement. The beads were sequentially
excited at 488, 555, and 640 nm center wavelengths (10-30 nm bandwidths) with
emissions recorded at 515-535 nm, 585-615 nm, and 660-720 nm, respectively.
Figure 4.11a—d shows reconstructed image planes from 6 um beads excited at 640
nm and imaged on the FINCHSCOPE with a Zeiss PlanApo x20, 0.75 NA objec-
tive. Figure 4.11a shows the magnitude of the complex hologram, which contains
all the information about the location and intensity of each bead at every plane in
the field. The Fresnel reconstruction from this hologram was selected to yield 49
planes of the image, 2 wm apart. Two beads are shown in Fig. 4.11b, with only the
lower bead exactly in focus. The next image (Fig. 4.11c¢) is 2 pm into the field in

36 um 84 um

INTENSITY

100
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Fig. 4.11 FINCHSCOPE holography of polychromatic beads. (a) Magnitude of the complex holo-
gram 6 wm beads. Images reconstructed from the hologram at z distances of (b) 34 m, (¢) 36 wm,
and (d) 84 pm. Line intensity profiles between the beads are shown at the bottom of panels b—d.
(e) Line intensity profiles along the Z axis for the lower bead from reconstructed sections of a
single hologram (blue line) and from a widefield stack of the same bead (28 sections, red line).
(f-h) Beads (6 um) excited at 640, 555, and 488 nm with holograms reconstructed at planes b and
(G-D d. (i, m) are the combined RGB images for planes b and d, respectively. (n-r) Beads (0.5 um)
imaged with a 1.4-NA oil immersion objective: (n) holographic camera image; (0) magnitude of
the complex hologram; (p—r) reconstructed image planes 6, 15, and 20 pm. Scale bars indicate
image size
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the Z-direction, and the upper bead is now in focus, with the lower bead slightly
out of focus. The focal difference is confirmed by the line profile drawn between
the beads, showing an inversion of intensity for these two beads between the planes.
There is another bead between these two beads, but it does not appear in Fig. 4.11b
or ¢ (or in the intensity profile), because it is 48 wm from the upper bead; it instead
appears in Fig. 4.11d (and in the line profile), which is 24 sections away from the
section in Fig. 4.11c. Notice that the beads in Fig. 4.11b, c are no longer visible
in Fig. 4.11d. In the complex hologram in Fig. 4.11a, the small circles encode the
close beads and the larger circles encode the distant central bead. Figure 4.11e shows
that the Z-resolution of the lower bead in Fig. 4.11b, reconstructed from sections
created from a single hologram (blue line), is at least comparable to data from a
widefield stack of 28 sections (obtained by moving the microscope objective in the
Z-direction) of the same field (red line). The colocalization of the fluorescence emis-
sion was confirmed at all excitation wavelengths and at extreme Z limits as shown
in Fig. 4.11f-m for the 6 pm beads at the planes shown in Fig. 4.11b, f—i and 4.11d,
j—m. In Fig. 4.11n-r, 0.5 pm beads (TetraSpeck, Invitrogen) imaged with a Zeiss
PlanApo x63 1.4 NA oil-immersion objective are shown. Figure 4.11n presents
one of the holograms captured by the camera and Fig. 4.110 shows the magnitude
of the complex hologram. Figure 4.11p-r shows different planes (6, 15, and 20 pm,
respectively) in the bead specimen after reconstruction from the complex hologram
of image slices in 0.5 wm steps. Arrows show the different beads visualized in dif-
ferent Z image planes. The computer reconstruction along the Z-axis of a group of
fluorescently labeled pollen grains (Carolina Biological slide no. 30-4264) is shown
in Fig. 4.12b—e. As is expected from a holographic reconstruction of a 3-D object
with volume, any number of planes can be reconstructed. In this example, a different
pollen grain was in focus in each transverse plane reconstructed from the complex
hologram whose magnitude is shown in Fig. 4.12a. In Fig. 4.12b—e, the values of
Z are 8, 13, 20, and 24 pm, respectively. A similar experiment was performed with
the autofluorescent Convallaria rhizome and the results are shown in Fig. 4.12g—j
at planes 6, 8, 11, and 12 pm.

The most recent development in FINCH is a new lensless incoherent holo-
graphic system operating in a synthetic aperture mode [21]. Synthetic aperture is
a well-known superresolution technique, which extends the resolution capabilities
of an imaging system beyond the theoretical Rayleigh limit dictated by the sys-
tem’s actual aperture. Using this technique, several patterns acquired by an aperture-
limited system, from various locations, are tiled together to one large pattern, which
could be captured only by a virtual system equipped with a much wider synthetic
aperture.

The use of optical holography for synthetic aperture is usually restricted to coher-
ent imaging [23-25]. Therefore, the use of this technique is limited only to those
applications in which the observed targets can be illuminated by a laser. Synthetic
aperture carried out by a combination of several off-axis incoherent holograms in
scanning holographic microscopy has been demonstrated by Indebetouw et al. [26].
However, this method is limited to microscopy only, and although it is a technique
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24 um

70 um

Fig. 4.12 FINCHSCOPE fluorescence sections of pollen grains and Convallaria thizome. The
arrows point to the structures in the images that are in focus at various image planes. (b—e) Sec-
tions reconstructed from a hologram of mixed pollen grains. (g—j) Sections reconstructed from
a hologram of Convallaria rhizome. (a, f) Magnitude of the complex holograms from which the
respective image planes were reconstructed. Scale bars indicate image sizes

of recording incoherent holograms, a specimen should also be illuminated by an
interference pattern between two laser beams.

Our new scheme of holographic imaging of incoherently illuminated objects is
dubbed a synthetic aperture with Fresnel elements (SAFE). This holographic lens-
less system contains a band-pass filter, a polarizer, an SLM, and a digital camera.
SAFE has an extended synthetic aperture in order to improve the transverse and
axial resolutions beyond the classic limitations. The term synthetic aperture, in the
present context, means time (or space) multiplexing of several Fresnel holographic
elements captured from various viewpoints by a system with a limited real aperture.
The synthetic aperture is implemented by shifting the BPF—polarizer—SLM-camera
set, located across the field of view, between several viewpoints. At each viewpoint
a different mask is displayed on the SLM, and a single element of the Fresnel holo-
gram is recorded (see Fig. 4.13). The various elements, each of which is recorded
by the real aperture system during the capturing time, are tiled together so that the
final mosaic hologram is effectively considered as captured from a single synthetic
aperture, which is much wider than the actual aperture.

An example of such system with the synthetic aperture, which is three times
wider than the actual aperture, can be seen in Fig. 4.13. For simplicity of the demon-
stration, the synthetic aperture was implemented only along the horizontal axis. In
principle, this concept can be generalized for both axes and for any ratio of synthetic
to actual apertures. Imaging with the synthetic aperture is necessary for cases where
the angular spectrum of the light emitted from the observed object is wider than
the numerical aperture of a given imaging system. In SAFE shown in Fig. 4.13,
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Fig. 4.13 Scheme of SAFE operating as synthetic aperture radar to achieve superresolution. P indi-
cates polarizer

the SLM and the digital camera move in front of the object. The complete Fresnel
hologram of the object, located at some distance from the SLM, is a mosaic of three
holographic elements, each of which is recorded from a different position by the
system with the real aperture of the size Ay x A,. The complete hologram tiled
from the three holographic Fresnel elements has the synthetic aperture of the size
3- Ay x Ay, which is three times larger than the real aperture at the horizontal axis.

The method to eliminate the twin image and the bias term is the same as has
been used before; three elemental holograms of the same object and for each point
of view are recorded, and each of the holograms has a different phase constant of
the SLM’s phase mask. The final holographic element is a specific superposition of
the three recorded elements. The digital reconstruction of the final complex-valued
mosaic hologram is conventionally computed by Fresnel back propagation.

SAFE has been tested in the lab by the system shown in Fig. 4.13. The
object in this experiment is a binary grating with cycle length of four lines per
mm. The distance from the object to the SLM has been 52 cm, and the dis-
tance between the phase-only SLM (Holoeye, PLUTO) and the digital camera (E-
VISION, EVC6600SAM-GES) has been 38.5 cm. A 100 W Halogen ARC lamp
has been used for objects illumination, and a BPF (with an 80 nm bandwidth sur-
rounding 550 nm central wavelength) has been placed just in front of the SLM. The
results of the experiments are summarized in Fig. 4.14. In the first experiment we
have recorded a hologram only by the actual aperture without shifting the system,
in the setup shown in Fig. 4.13 at the time #,. Figure 4.14a shows one of the three
masks displayed on the SLM in this experiment. Each of the three masks has one
of the three different phase factors: 0°, 120°, or 240°. As mentioned above, these
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Fig. 4.14 Results of SAFE for the first object with the real and synthetic apertures. (a) is the phase
distribution of the reflection masks displayed on the SLM at § = 120° with the real aperture;
(b—d) are the same as (a) using the synthetic aperture; (e) is the magnitude of the final on-axis
digital hologram with the real aperture and (f) is the same as (e) with the synthetic aperture; (g)
is the phase of the final hologram with the actual aperture and (h) is the phase with the synthetic
aperture; (i) is the reconstruction of the hologram of the binary grating at the best focus distance
for the real aperture and (j) is for the synthetic aperture
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three phase masks with different phase constants are required in order to eliminate
the bias term and the twin image from the holographic reconstruction. As stated
earlier, another problem with the SLM is that its fill factor is 87%, which means
that part of the light is reflected from the SLM without any modulation. In order
to avoid the interference of three waves projected on the camera, we have chosen
one of the phase elements to be constant. The other phase element has been cho-
sen to be a negative diffractive lens with the shortest focal distance that can be
achieved with the SLM having the pixel size of 8 wm. The shortest focal distance
guarantees maximum resolution power for a given aperture size. In the case of the
actual aperture (1500 x 1000 pixels) and the synthetic aperture (3000 x 1000 pix-
els), the focal distances have been —34 cm and —68 cm, respectively. The NAj,
is 0.0115 and 0.0231 for the real and synthetic apertures, respectively. The N Aqyt
is 0.0035 and 0.0044 for the real and synthetic apertures, respectively. Note that
the sum of two pure phase functions, i.e., the quadratic phase function Q[—1/a]
and the constant phase function in (4.7), is no longer a pure phase function but
a complex function with nonconstant magnitude. Since the SLM is a phase-only
modulator, we use the previous method of recording general complex function on
a phase-only SLM. Each phase function is distributed randomly among half of the
SLM pixels.

The three recorded holograms are superposed according to the same superpo-
sition (4.4). Figure 4.14e, g is the magnitude and the phase of the superposed
holograms for the object. It can be seen that the resolution along the horizontal
direction of the reconstructed image, computed by Fresnel back propagation, is
damaged in the sense that the image is lacking the original high-frequency grat-
ings along the horizontal direction because the aperture is too narrow to capture
the entire gratings spectral content. This damaged reconstructed image is shown in
Fig. 4.14i.

In the SAFE experiment, nine different phase masks have been displayed on the
SLM, three for each location of the SLM—camera set: left, central, and right. Each
of the masks has an actual aperture of 1500 x 1000 pixels. Each of the three masks
at every location has one of the three different phase factors: 0°, 120°, or 240°.
In order to avoid edge effects on the recorded holograms, there is an overlap of
750 pixels among the three actual apertures combining the synthetic aperture. For
each location of the system, the three recorded holograms have been superposed as
mentioned above. Figure 4.14b—d represents three masks out of nine, each of which
has been displayed at a different time and at a different location of the setup along
the horizontal axis. The superposed complex-valued holographic element from each
system’s viewpoint is stored in the computer. Upon completing the system move-
ment along the entire synthetic aperture, all three holographic elements are tiled to a
single mosaic hologram. Figure 4.14f, h represents the magnitude and the phase of
the complete mosaic hologram. The reconstruction result of the mosaic hologram,
computed by Fresnel back propagation, is depicted in Fig. 4.14;j. The binary grating
on the observed objects is seen well in the reconstructed images, indicating that
the synthetic aperture is wide enough to acquire most of the horizontal spectral
information of the objects.
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4.5 Discussion and Conclusions

We have reviewed two different methods of generating incoherent digital Fresnel
holograms. The homodyne scanning holography setup has some advantages over
the previous designs of scanning holography. The main advantage is that the overall
scanning time can be shorter than the case of heterodyne scanning holography. Also,
the proposed system is more immune from noise than previous scanning holography
systems because in the homodyne scanning holography, only frozen-in-time FZP
patterns scan the object. However, the main limitation of scanning holography —
the need for a 2-D scan — does exist in the homodyne version as well. In view of
this limitation, the scanning holography, in all of its versions, is considered as the
slowest method in capturing the scene among all the methods of digital holography.

The second reviewed hologram, the FINCH, is actually recorded by an on-axis,
single-channel, incoherent interferometer. This method inherently does not scan the
object, neither in the space nor in the time. Therefore, the FINCH can generate
the holograms rapidly without sacrificing the system resolution. This system offers
the feature of observing a complete volume from a hologram, potentially enabling
objects moving quickly in three dimensions to be tracked. The FINCH technique
shows great promise in rapidly recording 3-D information in any scene, indepen-
dently of the illumination. In addition, we have described a rapid, nonscanning
holographic fluorescence microscope that produces in-focus images at each plane
in the specimen from holograms captured on a digital camera. This motionless 3-D
microscopy technique does not require complicated alignment or a laser. The flu-
orescence emission can be of relatively wide bandwidth because the optical path
difference between the beams is minimal in this single-path device. Although at
present each reconstructed section is not completely confocal, 3-D reconstructions
free of blur could be created by deconvolution of the holographic sections as is
typically carried out in widefield microscopy. Time resolution is currently reduced
because three holograms need to be captured sequentially. However, in the future,
it will be possible to simultaneously capture all three holograms or to overcome
the holographic twin image problem and capture only one hologram, as any of the
three holograms contains all the essential 3-D information. In the present studies,
the image sections were obtained by a process of first capturing three holograms,
computing the image z sections from the complex hologram and then, in some
cases, further enhancing them by deconvolution. This process could be simplified
in the future for real-time display of the holographic image, either with a holo-
graphic display system or by algorithms that create the enhanced sections and the
3-D representation directly from the single hologram. There is no need for sec-
tioning or scanning or any mechanical movement. Therefore, this system would
be expected ultimately to be faster, simpler, and more versatile than existing 3-D
microscopy techniques, which rely on pinhole imaging or deconvolution of stacks
of widefield images. At present, the FINCHSCOPE is already considerably faster
than conventional 3-D sectioning. For example, the total image capture time for
the three FINCHSCOPE images of the pollen grains in Fig. 4.12 was just over 1
s, compared with the 30-45 s needed to create a stack of 48 widefield or spinning
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disk confocal images. We have also demonstrated fluorescence holography using
the high-NA objectives widely used in biological imaging. FINCHSCOPE is able
to spatially resolve small beads, biological specimens, and different fluorescence
emission colors in x, y, and z planes with perfect registration. The system provides a
simple, flexible, cost-effective, and powerful microscopic platform for 3-D imaging.
Our demonstration of this advance in microscopy, based on a new, but simple holo-
graphic principle, should open up opportunities in many life science and engineering
fields, so that living or fixed specimens may be readily observed in three dimensions
and possibly at higher resolution than with currently existing techniques.
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Chapter 5
Quantitative Phase Microscopy for Accurate
Characterization of Microlens Arrays

Simonetta Grilli, Lisa Miccio, Francesco Merola, Andrea Finizio,
Melania Paturzo, Sara Coppola, Veronica Vespini, and Pietro Ferraro

Abstract Microlens arrays are of fundamental importance in a wide variety of
applications in optics and photonics. This chapter deals with an accurate digital
holography-based characterization of both liquid and polymeric microlenses fab-
ricated by an innovative pyro-electrowetting process. The actuation of liquid and
polymeric films is obtained through the use of pyroelectric charges generated into
polar dielectric lithium niobate crystals.

5.1 Introduction

In this chapter we will show how digital holography (DH) in the microscope config-
uration can be the key tool for testing and characterizing micro-optofluidic device
and systems through quantitative phase analysis. Among the emerging optoflu-
idics systems, liquid microlens arrays are investigated. The characterization of such
optofluidic elements needs the development of accurate technique having the capa-
bility to measure the focal length while the lenses are tuned. Moreover, the knowl-
edge of the focal length is not enough while it is highly desirable to have a wide
field able to measure and characterize the whole wavefront generated by such liquid
microlenses. DH offers the possibility to reconstruct in amplitude and phase the
transmitted wavefront furnishing accurate and full information on the lens proper-
ties. Furthermore, thanks to the DH feature of numerical focusing, it is possible to
retrieve the shape of the wavefront at any location along the optical axis. Conse-
quently, DH has all the attributes to be a prominent method for testing microlenses.
Several examples of applications of DH will be given in all the sections of the chap-
ter showing static and dynamic measurement performed on tuneable liquid lenses.
Liquid lenses are becoming important optical devices for a wide variety of appli-
cations ranging from mobile-phone cameras [1] to biology. Among others, their
foremost advantage is the possibility of changing their shape in order to obtain
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different radius of curvature and therefore a variable focus length [2-9]. Nowa-
days, only a couple of techniques have been implemented for changing the shape of
the liquid mass. The first one makes use of a container with a flexible and elas-
tic membrane that changes its shape under hydrostatic and/or pneumatic forces
[10-13]. A different approach is based on the use of the electrowetting (EW)
effect [1, 14-18], where the shape of the liquid sample is changed by the action
of external electric forces, thus adapting the lens focus. Important advancements
have been achieved in the development of liquid single lenses with a variable
focal length. However, even though many configurations have been demonstrated
for single liquid lenses, very few cases are reported for liquid microlens arrays
with a variable focus. Microlens arrays can find important applications in medical
stereo-endoscopy, imaging, telecommunication and optical data storage. Recently,
two significant results have been reported on the design and fabrication of tunable
liquid microlens arrays. The first one was developed by using the dielectrophoretic
effect on two liquid layers made of water and oil [19]. The focal power of such
microlenses was varied by the EW process and the focal lengths were reported in
the range from about 1.5 to 2.2 mm. The second noteworthy result [20] consists
of an hybrid optical configuration made of solid microlenses combined with liquid
filled lenses, thus obtaining a tunable doublet with minimal optical aberrations. The
optical characterization was performed as a function of the applied pressure to the
microfluidic apparatus.

This chapter presents the results concerning the fabrication of microlenses, also
tunable, by a completely new approach based on the use of charges generated
pyroelectrically and thus through a technique that we call here pyro-EW. More-
over, a true characterization of these structures is performed by a quantitative phase
microscopy (QPM) approach which can provide important information about the
optical behaviour of such microlenses. Sections 5.2 and 5.3 describe the fabri-
cation and characterization of spherical liquid microlenses obtained by a pyro-
electrowetting-based technique, while Sect. 5.4 deals with the characterization of
hemicylindrical microlenses. Section 5.5 presents the results of QPM characteriza-
tion applied to polymer-based microlenses.

5.2 Arrays of Liquid Microlenses

The most popular and well-established approach to obtain liquid lenses is based on
the electrowetting (EW) effect [3]. Such systems usually consist of two immisci-
ble liquids manipulated into special cases made of hydrophobic coatings and elec-
trodes. An external voltage changes the equilibrium at the liquid-liquid and solid—
liquid interfaces causing a reshaping and rearrangement of the liquid meniscus. The
change of curvature, in modulus and sign, has direct effect on the refraction of the
transmitted light, thus allowing to switch between a converging and a diverging lens
with flexible focal lengths [1, 2, 9, 21-24]. The basic concept of EW is that a sessile
liquid drop free standing on a flat electrode surface can be manipulated by a second
needle-like electrode immersed into the drop [25].
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Liquid microlenses have been obtained here by an EW effect driven pyroelectri-
cally that we call pyro-EW (PEW). The pyroelectric effect is achieved onto ferro-
electric substrates of lithium niobate (LN) crystals. As described above, the opera-
tion of conventional EW-based microfluidic devices demands more or less complex
electrode geometries to actuate a liquid lens, thus requiring special technological
steps and materials for the fabrication. The method developed here simplifies sig-
nificantly the possibility of functionalizing a specific and appropriate material to get
a microfluidic lens array onto a single chip.

LN is a very well-known ferroelectric material widely used as a key element in
optical modulators for fibre optic telecommunications [26] and in non-linear optic
devices [27]. The spontaneous polarization of LN crystals can be reversed by the
electric field poling process [28, 29], thus enabling the fabrication of periodically
poled LN (PPLN) crystals. An external voltage exceeding the coercive field of the
material (around 21 kV/mm) is necessary to reverse the ferroelectric domains and
the inversion selectivity is usually ensured by an appropriate resist pattern generated
by photolithography [29]. Figure 5.1 shows the optical microscope image of two
PPLN samples fabricated by the electric field poling and used for the lens effect
experiments investigated here.

The two samples consist of a square array of bulk reversed domains with a period
around 200 pm along both the x and y directions. They differ only for the geometry
of the resist openings (see [29] for details) and both of them were used for the same
lens effect experiments, in order to test the reliability of the technique. The sam-
ples were not etched, contrary to the conventional procedures used to visualize the
domain pattern [31, 32]. In fact, the reversed domains are visible thanks to the con-
trast enhancement provided by the appropriate aperture of the condenser diaphragm,
thus improving the diffraction image of the domain walls related to the electro-optic
effect induced by the so-called internal field [33] arising after the electric field pol-
ing. The PPLN sample was mounted onto a digitally controlled hotplate to ensure a
reliable control of the substrate temperature during the experiments. The liquid used
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Fig. 5.1 Optical microscope images of two PPLN samples with a square array of reversed domains
obtained by using two different lithographic masks consisting of a square array of (a) open circles
and of (b) open hexagons [30]. The period of the structures is around 200 jum in both cases
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in this work was a carboxylic acid (pentanoic acid — CsH¢O;) in the form of an oily
substance. The values of the dielectric constant and of the refractive index are 2.66
and 1.407-1.410, respectively. The PPLN sample was coated with a thin film of
this oil (oil thickness is about 200 um) and subject first to a heating process up to
100°C at a rate of around 20°C/min and then let cooling down to room temperature.
Figure 5.2a—d shows a few frames of the optical microscope movies captured during
the cooling process of the oil-coated sample A.

Heating process was performed by increasing the temperature from 40°C up to
100°C. The cooling was achieved by letting the temperature to decrease from 100°C
down to 40°C, thus with an approximate rate of 12°C/min. The whole process took
about 5 min and the liquid lens array kept a stable topography for about 30 min at
40°C, after its formation. The evolution of the oil film topography is clearly visible
in the frames in Fig. 5.2. The lens effect is more pronounced in case of the cooling
process. This is reasonably due to the different nature of the surface charges that
generate the electric potential modulation on the substrate, as will be discussed in the
following. The liquid microlenses were formed in correspondence of the hexagonal
domains and thus with a lateral dimension of about 100 wm. Practical limitations
to the fabrication of smaller lenses are not expected because reversed domains with
lateral dimensions down to tens of micron can be reliably obtained in LN substrates.
Anyway, the performance of the smaller lenses would be dramatically affected by
the consequent enhancement of the diffraction effects due to the fact that the lens
aperture can become comparable with wavelength.
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Fig. 5.2 (a—d) Optical microscope frames of the oil-coated sample A during cooling process
(from [30])
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It is important to note that the response of the liquid lens array was quite
fast. In fact, the lens array was formed about 1 s after the temperature started to
decrease. Moreover, the lens formation followed faithfully the domain grating, thus
exhibiting perfect homogeneity over the whole patterned region. In principle, liquid
microlenses arrays would be possible with areas as large as desirable depending
basically on the area obtainable by the lithographic process used for the domain
inversion process. Figure 5.2 shows clearly the degree of uniformity obtainable by
the technique, with a field of view including 42 lens elements corresponding to an
area of about (1.4 x 1.2) mm?. The limited field of view corresponding to the chosen
magnification prevented to report larger view images.

5.2.1 Interpretation of the Effect

It is well known that LN is a rhombohedral crystal belonging to the point group
3m at room temperature [34]. The lack of inversion symmetry induces differ-
ent effects including the pyroelectricity. This is the manifestation of the sponta-
neous polarization change A Ps following a temperature variation AT, according to
AP; = p; AT, where AP, is the coefficient of the polarization vector and p; is
the pyroelectric coefficient. At equilibrium, all Ps in the crystal are fully screened
by the external screening charge and no electric field exists [35]. The change of
the polarization, occurring with temperature variation, perturbs such equilibrium,
causing a lack or excess of surface screening charge. Consequently, an electrostatic
state appears and generates a high electric field at the crystal surface [36, 37].
Figure 5.3a, b shows the schematic view of the PPLN sample cross section with the
charge distribution occurring at the equilibrium state and in case of heating/cooling
treatment, respectively. Arrows indicate the orientation of the ferroelectric domains.

According to the pyroelectric effect [35] the heating process makes the polariza-
tion magnitude to decrease, thus leaving surface screening charges uncompensated
(see Fig. 5.3b, top). These generate a net electric charge distribution depending on
the inverted domain structure, with positive and negative sign onto the reversed and
un-reversed domain regions, respectively. The screening charges in excess, contin-
uously produced during the heating process, are no more attracted by the polar-
ization charge and consequently are free to diffuse into the oil film. Conversely,
the cooling process makes the polarization magnitude to increase, thus generating
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Fig. 5.3 Schematic view of the PPLN sample cross section with the charge distribution exhibited
(a) at the equilibrium state (b) in case of heating (fop) and (bottom) cooling process (from [30])
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an electric charge onto the crystal surface (see Fig. 5.3b, bottom) and giving place
to the so-called double charge layer at the solid—oil interface [37, 38]. In fact, the
uncompensated polarization charge tends to interact with the dipole molecules in
the oil, thus redistributing them in proximity of the solid surface. Therefore, the
more pronounced lens effect observed in case of cooling (see Fig. 5.2b) is due to
the electrostatic action of the uncompensated polarization charge which is more
intense compared to that of the screening charges during heating. The lens-like
array topography exhibited by the oil film can be considered as the result of the
equilibrium condition between the surface tensions and the electric forces related to
the charge redistribution on the substrate. In the general case of a sessile drop, the
surface tensions at the solid-liquid yg, solid—gas yse and liquid—gas yi, interfaces
are described by the one-dimensional Young equation:

Vsl + Vg COS T = Ysg (5.1

where ¥ corresponds to the contact angle of the drop. The charges at the solid—liquid
interface reduce the surface tension according to the Lippman equation [39]:

1
vsi(V) = ysi0 — 56V2 (5.2)

where yg)0 corresponds to zero charge condition and c is the capacitance per unit area
assuming that the charge layer can be modelled as a symmetric Helmholtz capacitor
[38]. It is important to note that in the present work the surface was not a metal
and the liquid was not an electrolyte, as basically assumed by the double charge
model [38, 40]. However, a similar model can be as well invoked even in case of
dielectric surfaces [41]. Therefore, in the case investigated here, the presence of the
net electric charge underneath the crystal surface (see bottom drawing in Fig. 5.3b),
generated pyroelectrically, lowers the surface tension due to the repulsion between
like charges that make the work for expanding the surface area [37]. The air-liquid
interface exhibits a waviness profile to minimize the energy of the whole system.
Simulations of the electric potential distribution, generated pyroelectrically, were
performed by a finite element-based calculation and Fig. 5.4a shows the result. The
plot refers to a section along a diagonal direction (direction b in Fig. 5.1).

The simulation clearly shows that the electric potential is modulated according
to the domain structure, thus exhibiting minimum value in correspondence of the
hexagon centres. The surface tension profile was then calculated by using (5.2)
and the corresponding behaviour, in accordance with the experimental results, is
shown in Fig. 5.4b. In fact, the solid-liquid interface tension appears to be modu-
lated according to the electric potential. It is important to consider that the number
of charges between two consecutive hexagons is higher along the » direction com-
pared to the horizontal or vertical direction. Therefore, the work done by the charges
along the b direction produces a stronger hydrostatic pressure towards hexagon cen-
tres, thus leading to the formation of liquid microlenses in correspondence of the
hexagons.
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Fig. 5.4 (a) Schematic view of the sample cross section with the simulated electric potential dis-
tribution generated pyroelectrically; (b) (fop) surface tension profile and (bottom) the schematic
view of the corresponding oil film topography. The black arrows indicate the orientation of the
spontaneous polarization (from [30])

5.2.2 Characterization by Quantitative Phase Microscopy

The array of microlenses was observed and investigated during the cooling process
by a QPM technique based on DH [42]. The schematic view of the optical setup
used for the acquisition of the images is shown in Fig. 5.5a, while Fig. 5.5b shows
a detailed view of the sample transmitting the object laser beam.

The wavefront modifications induced by the microlens array onto a collimated
laser beam (plane wavefront) were analysed. The phase map of the transmitted
wavefront at the exit pupil of the microlens array can be obtained by the numerical
reconstruction of digital holograms, which consists in reconstructing the complex
wavefront transmitted by the microlens array by back-propagating the diffraction
field.

CCD Array
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Fig. 5.5 (a) Schematic view of the QPM configuration. PBS, polarizing beam splitter; MO, micro-
scope objective; PH, pin-hole; M, mirror; BS, beam splitter and (b) detailed view of the sample
during the measurements (from [30, 43])
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Amplitude and phase maps of the object wavefront can be retrieved from the
complex wavefront. Numerical methods and the principle of operation to get wave-
front reconstruction are reported in [29] and [42]. Several holograms were recorded
at a rate of 1 image per second. The movie frames in Fig. 5.6 show the wrapped
phase maps modulus 27 corresponding to 3 x 4 lens elements on the incoming
collimated beam during the system cool down. The phase curvature indicates the
existence of the lens effect. In fact, the curvature of the oil-air interface changes
while the sample is cooling, as can be clearly noticed into the images in Fig. 5.6.
This effect could be exploited for having an array of microlenses with a variable
focus. The number of fringes decreases during the cooling, indicating that the liquid
layer is returning back to its initial condition corresponding to a completely erased
waviness and thus to an infinite focal length.

Figure 5.7 shows a portion of the mod 27 unwrapped phase map corresponding
to an image of Fig. 5.6 and allows to estimate the wavefront curvature in correspon-
dence of 2 x 2 microlenses of the array.

100 200 300 400 500
um um

() ()

Fig. 5.6 Movie frames of the evolving two-dimensional distribution of the wrapped phase map,
modulo 27, corresponding to 3 x 4 lens elements on the incoming collimated beam, during cooling
in case of the sample B. The lens effect appears in the first frames (a, b) and is more evident in the
last frames (c, d). The phase map was reconstructed at a distance of 156 mm (from [30])
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Fig. 5.7 Unwrapped phase map corresponding to a portion of the image in Fig. 5.6 for a fixed
temperature during cooling (from [30])
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Fig. 5.8 (a) Phase profiles of the transmitted wavefront calculated for different frames during cool-
ing; (b) focal length values calculated as a function of time during the cooling process (from [30])

Fitted parabolic profiles, calculated during cooling, indicate the presence of vari-
able defocus, namely a variable focal length as shown in Fig. 5.8a, where the phase
profiles of the transmitted wavefront, corresponding to different time frames (1, 3,
5,7,9, 11, 13, 14 s) during cooling, are reported. The slight tilt of the sample,
respect to the microscope objective into the interferometric setup, is revealed by the
asymmetry of the curves in Fig. 5.8a. The focal length f of the liquid lenses can be
retrieved by fitting the unwrapped phase map @ (x, y) to a second-order polynomial
according to

2 2+ 2
D(x,y) = 7”% 5.3)

Figure 5.8b shows the variation of the focal length (from 1.75 mm up to 2.1
mm) corresponding to the time frames of Fig. 5.8a during the cooling process. This



124 S. Grilli et al.

(a) (b)

Fig. 5.9 Optical microscope images of the target “8” observed through the microlens array at
two different focal planes imaging the target (a) through the region outside the lenses and (b)
through the up-right microlens, where the focusing capability of the microlenses is clearly visible
(from [30])

effect could be used to have an array of microlenses with variable focus. Moreover,
an imaging experiment was also performed in order to show the possibility of using
this kind of variable focus microlens array for integrated microscope applications.

Figure 5.9 shows the imaging capability of the microlens array on a portion of
USAF photo-target. The LN substrate, with the microlens array, was positioned over
the target and observed under the optical microscope. The images in Fig. 5.9a, b
were acquired at two different focal planes corresponding to focusing the target
through the regions outside and inside the aperture of the microlenses, respectively.

Furthermore, different oils with variable densities, such as paraffin oil, primed
oil and sweet almond oil, were also used for analogous experiments and the lens
effect appeared to work even though exhibiting slight different behaviours depend-
ing essentially on the oil density properties. It is important to note that the lens array
effect is presented here in case of a relatively simple geometry as the square array,
in order to demonstrate the reliability and feasibility of the pyroelectrically driven
liquid lens effect. Anyway, more complex geometries, such as hexagonal or circular
arrays, could be used for further investigations, by simply providing the appropriate
photolithographic mask for the pattern generation.

5.3 Arrays of Tunable Liquid Microlenses

Nowadays important advancements have been achieved in the development of single
liquid lenses with a variable focal length. Such components will find wide practical
applications even in consumer electronics, such as for the cameras of the cellular
phones [1]. Recently, special liquid-based optics, such as axicon lenses, have been
developed by using polymeric materials as liquid containers [44]. Cylindrical lenses
with hydrodynamic tunability [45] and polymer lenses tuned thermally [46] have
been also investigated and tested. However, even though many configurations have
been demonstrated for single liquid lenses, very few cases are reported for liquid
microlens arrays with a variable focus. Reference [19] reports a dielectrophoretic-
based method for inducing lens effect on two liquid layers made of water and oil,
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where the microlenses have a diameter around 100-140 pwm and a focal length rang-
ing between 1.5 and 2.2 mm. The aberrations of such microlenses were calculated
numerically by an optical code program, on the basis of the well-known fabrica-
tion specifications and material parameters. Another noteworthy result, reported in
[20], consists of an hybrid optical configuration made of solid microlenses com-
bined with liquid filled lenses, thus obtaining a tunable doublet with minimal optical
aberrations. The optical characterization was performed as a function of the applied
pressure to the microfluidic apparatus. In fact, under fluid pressure, the elastomer
(PDMS) membrane, containing the liquid, experienced a deformation. An interfer-
ometric profilometer was used for measuring the height of the solid lenses, whereas
an optical microscope with monochromatic light was adopted to evaluate the f
number as a function of the hydrostatic pressure [20]. It is important to note that all
of the aforesaid optical systems require the minimization of the aberrations which
is achieved by a proper design and a subsequent accurate optical characterization.
For example, the fabrication of the liquid microlens array by the two approaches
mentioned above requires a relatively complicated process making use of different
materials. Other kinds of microlens arrays are based instead on the use of liquid
crystals [47, 48], where the birefringence is used to tune the lens through the change
of the refractive index. However, the discussion here is limited to tunable liquid
microlens arrays that avoid the use of liquid crystals.

This section presents the results concerning the possibility of using the PEW
effect described in the previous section for generating an array of tunable liquid
microlenses which benefit simultaneously of an electrode-less configuration and of
a simplified fabrication process, compared to the above-mentioned techniques. In
fact, the more sophisticated setup used here provides a more reliable control of the
pyroelectric effect, thus enabling a true characterization of the tunable microlenses.
In particular, two different lens regimes that are called here separated lenses regime
(SLR) and wave-like lenses regime (WLR) have been obtained. In the first case the
liquid microlenses are separated from each other due to the breakup of the liquid
layer, while in the second case the oil film appears uniformly distributed over the
sample with a curved profile in correspondence of specific regions. In addition, the
possibility of focus tuning with different optical behaviours was investigated for
each kind of microlenses.

5.3.1 Description of the Two Liquid Microlens Regimes: Separated
Lenses Regime (SLR) and Wave-Like Lenses Regime (WLR)

The same PPLN sample shown in Fig. 5.1a and the same carboxylic acid (pen-
tanoic acid — CsHpO») as the oily substance spread onto PPLN substrates were
used in these experiments. Figure 5.10a, b shows the schematic views of the sample
cross section under the WLR and the SLR, respectively. The black arrows indicate
the orientation of the spontaneous polarization into the original (light grey) and
reversed (dark grey) ferroelectric domains. The case reported in this figure refers to
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(b)

Fig. 5.10 Schematic views of the sample cross section corresponding to the wave-like lenses
regime (left) and to the separated lenses regime (right) of the microlens array. In both cases
the temperature of the substrate is decreasing. The black arrows indicate the orientation of the
spontaneous polarization (from [43])

the cooling process, so that uncompensated negative charge is developed in corre-
spondence of the negative side of the spontaneous polarization, and vice versa.

The WLR consists of an oil layer with a sinusoidal-like profile according to the
electric field generated onto the crystal surface by the pyroelectric effect. Such pro-
file results from the equilibrium condition achieved by the surface tensions at the
solid—liquid and liquid—air interfaces in presence of the above-mentioned electric
potential, according to the numerical simulations presented in the previous section.
Typically the thickness of the liquid layer that generates the WLR ranges between
100 and 300 pm. Differently, the SLR is obtained by using a thinner layer of liquid
onto the crystal surface, obtained by spin coating. Having a thinner oil film the work
performed by the charges is able, in this case, to break up the film oil into the regions
surrounding the hexagonal regions, thus forming isolated liquid microlenses. The
layer thickness in the latter case was estimated to range from 10 to 25 um. In the
case of WLR the lens effect is due to a temporary waviness obtained at the liquid—air
interface. Higher is the amplitude of the waviness stronger is the lens effect. The
focal length in this case of each liquid lens goes from infinity to the minimum value
obtained by the shorter curvature at the air-liquid interface. However, the WLR is
clearly a temporary configuration that disappears when the temperature returns back
to its initial value. The tunable effect exploits this temporary effect, and the obtain-
able focal range depends from the temperature change as well as from the liquid
properties. Conversely, the SLR exhibits a more stable behaviour. Nevertheless, due
to the breakup of the liquid layer, the shape of the microlenses is different and the
tunability varies correspondingly.

5.3.2 Characterization of WLR Tunable Lenses by Quantitative
Phase Microscopy

Both regimes were investigated by QPM through a DH microscope setup as in
Sect. 5.2.2, in order to get a complete characterization of the microlens array for
the two regimes in terms of focusing behaviour and optical aberrations. The sam-
ple is positioned on a thermo-controlled plate and put into the object arm of the
interferometer, while the light coming from the array is collected by a microscope
objective and made to interfere with the reference beam. The resulting interference
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patterns are captured by the CCD camera that is positioned in correspondence of an
out of focus plane. An appropriate numerical manipulation of such interferograms
allows one to retrieve information about the complex wavefront, and thus about the
phase and the intensity of the optical wavefield transmitted by the sample. Two sets
of holograms were acquired during the temperature variation, corresponding to the
heating and the cooling process. Such holograms were then elaborated numerically
in order to reconstruct the phase distribution of the transmitted wavefront, accord-
ing to standard DH procedures that can be found in [42]. The reconstructed phase
images corresponding to different instants of the heating or the cooling process
were collected into movies showing the evolution of the wavefront curvature. These
results allow one to retrieve information about the focal length variation versus
the substrate temperature. The aberration characteristics of the liquid microlenses
were obtained by a numerical fitting of the phase maps with appropriate polynomi-
als describing different aberration terms. The temperature of the thermo-controlled
plate under the sample was varied with a rate of 10°C/min that is lower than that
estimated in the previous section (i.e. 20°C). Moreover, in this work the tempera-
ture was controlled with an accuracy of 0.1°C and the interferometric characteriza-
tion was performed by registering the temperature value for each digital hologram
captured during the thermal treatment. Figure 5.11a—c and 5.11d—f presents movie
frames showing the temporal evolution of the mod 27 spatial phase distribution
corresponding to the heating and the cooling process, respectively. The tempera-
ture values range from 30 to 90°C in both cases. The images clearly show that the
wrapped phase maps exhibit a different behaviour. In case of rising temperature
(see Fig. 5.11a—c) the number of fringes increases only during the first part of the
process, up to a temperature value of about 65°C, and then stabilizes. Conversely,
during the cooling process (see Fig. 5.11d-f), the number of fringes increases during
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Fig. 5.11 Movie frames showing the evolution of the wrapped mod 27 phase map during the
heating (a, b, ¢) and the cooling process (d, e, f) (from [43])
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Fig. 5.12 Experimental and fitted profiles of the unwrapped phase distribution corresponding to
(a) the heating and (b) cooling process; (c) (d) focal length variation as a function of temperature
in case of the heating and the cooling process, respectively (from [43])

the whole process. An unwrapping numerical procedure was applied to the phase
mod 27 in order to retrieve the real phase distribution of the wavefront. Succes-
sively, a one-dimensional fitting procedure was carried out to calculate the focal
length of the microlens according to 5.3. Figure 5.12a, b shows the experimental
and the corresponding fitted profiles of the unwrapped phase corresponding to the
temperature increase and decrease, respectively. The clearly visible step-like profile
exhibited by the lower curves corresponds to the hexagon domain walls. This step
is due to the electro-optic effect induced through the pyroelectric effect [29].

The variation of the focal length as a function of the temperature is reported
in Fig. 5.12c, d, for the heating and the cooling process, respectively. The results
show that the lens effect is more pronounced during the cooling process with a focal
length value ranging from 16 mm down to 1.5 mm, corresponding to a temperature
variation between 90 and 35°C.

The behaviour during heating exhibits a focal length variation from 8.7 mm down
to 2 mm while the temperature rises from 35 up to 65°C and then stabilizes in
agreement with the previous observation on the wrapped phase maps.

The optical behaviour of the microlenses was characterized also in terms of
the optical aberrations intrinsically present in the lens array, by applying a two-
dimensional fitting procedure. Several holograms of a 4 x 4 lens array were acquired
during the stationary condition, i.e. when the number of fringes is stable in the
wrapped phase distribution, while the fitting procedure was performed for each lens
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Fig. 5.13 Two-dimensional representation of (a) the wrapped and (b) the unwrapped phase map
corresponding to 4 x 4 microlens array (from [43])
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Fig. 5.14 (a) Measured phase distribution and (b) corresponding fitted surface; surface distribution
of (¢) the focus term, (d) the third-order spherical aberration, (e) the astigmatism at 45° term, (f)
the astigmatism at 90°, (g) the triangular astigmatism on x base, (h) the triangular astigmatism on
y base (from [43])

of the array and for lenses of several arrays at different time instants. Figure 5.13a,
b shows the wrapped and the unwrapped phase map of the whole wavefront trans-
mitted by the lens array, respectively. The function used for the fitting process is a
linear combination of Zernike polynomials. The measured and the calculated phase
distribution are presented in Fig. 5.14a, b, respectively. The coefficients of the linear
combination for the tilts, the astigmatism, the focus and the third-order spherical
aberration terms were evaluated. The coma and the higher order coefficients were
neglected because smaller of some orders of magnitude. The coefficients for some
different lenses are reported in Table 5.1.

The calculated coefficients show that the phase distribution at the exit of each
lens is made of the same terms for each lens, and for each term of the linear
expansion, the coefficients of different lenses are similar. This allows us to state
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Table 5.1 List of coefficient values (from [43])

Array 1 Array 2

Lens A Lens B Lens C Lens B
The constant term 3.21 3.23 3.96 2.75
Tilt about x (10~%) 25.0 8.54 21.0 —22.0
Tilt about y (10~%) —82.0 —94 —45.0 -31.0
Astigmatism with axis at 45° (107%) —-2.90 —3.88 0.84 —5.61
Focus shift (10~%) —9.26 —7.23 —7.46 —6.91
Astigmatism with axis at 0° or 90° (1079) —5.57 1.46 —3.78 2.56
Triangular Astigmatism on x axis (10~%) —0.29 6.50 —1.94 31.97
Triangular Astigmatism on y axis (1077) —4.27 —5.38 —0.62 —1.61
Third-order spherical aberration (107%) 3.61 2.77 2.57 3.02

that our device displays the same properties for each microlens. Figure 5.14 shows
the surface distribution of each polynomial that contributes to the fitted surface for
a single lens, in order to compare the focus term to the other terms which describe
the wavefront curvature. In particular, Fig. 5.14c displays the focus term, which
is the main term contributing to the phase distribution. Figure 5.14d shows the
distribution of the third-order spherical aberration that appears flat in the central
region while diverging in the peripheral one. This divergence is due to the oil layer
existing between adjacent lenses, in fact the oil layer redistributes its mass during the
temperature variation but, in this case, without breaking up between adjacent lenses.
Figure 5.14e-h shows the distributions of the astigmatism terms. The information
provided by Figure 5.14d and Table 5.1 reveals that the spherical aberration term
has a quite high value with the main contribution due to the intrinsic waviness at
the air-liquid interface in between two adjacent microlenses where the curvature
changes from convex to concave.

5.3.3 Characterization of SLR Tunable Lenses by Quantitative
Phase Microscopy

A similar analysis was carried out in case of the SLR. Figure 5.1a—d shows the
movie frames of the two-dimensional wrapped phase distribution corresponding to
this configuration for a portion of 4 x 4 microlenses evolving during the heating
and the cooling treatments, respectively. In Fig. 5.15a the temperature varies form
25.6 to 79.0°C. As can be noticed in the movie of Fig. 5.15a, while the temperature
reaches 57°C (at about half of the duration of the movie) the liquid layer breaks up
and the flat surface of the substrate becomes visible.

At the end of the movie, corresponding to about 79.0°C, the liquid droplets are
clearly separated. Conversely, the movie frames in Fig. 5.15b show the behaviour
of the open microfluidic system while the temperature changes between 79.3 and
34.4°C. When the temperature reaches 34.4°C the lens effect disappears completely
and the liquid layer relaxes. The number of fringes is clearly higher compared to
the case of the WLR and their density increases from the central to the side region
of the lenses. This means that, in case of SLR, the slope is more pronounced in
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Fig. 5.15 Movie frames of the wrapped phase distribution evaluated for a portion of the lens array
in case of separated lenses SRL (a, b) during heating and (c, d) during cooling (from [43])

correspondence of the peripheral regions and that the lenses are relatively flat in
the centre. This behaviour is proved by the unwrapped phase profiles shown in
Fig. 5.16a, b, where the two pictures refer to the heating and the cooling process,
respectively.

As in the previous case, the cooling treatment leads to a more pronounced phase
variation compared to that occurring during heating, while the focal length values
range between around 30 and 10 mm in both processes (see Fig. 5.16¢, d). The
values of the focal length at the end of both processes are one order of magnitude
higher than in case of WLR, due to the flatness of the oil profile in the centre of
the lenses. The aberrations were evaluated by a one-dimensional fitting of the wave-
fronts, and Fig. 5.17a shows the measured and the fitted phase profile. Different
from the analysis carried out for the WLR, the high frequency of the fringes makes
the two-dimensional unwrapping procedure very difficult to be accomplished, so
that the following equation was used for the fitting procedure:

W) =a)x* +a)x*>+aB)x +a4) (5.4)
where W (x) is the OPD. The calculated coefficients are reported in Fig. 5.17b.
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Fig. 5.16 Profile of the phase distribution during (a) heating and (b) cooling; (c),(d) temperature
dependence of the focal length for the heating and the cooling process, respectively, in case of
separated lenses (from [43])
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Fig. 5.17 (a) Measured and fitted phase profile; (b) list of the coefficient values of the linear
expansion resulting from the fitting process (from [43])

The typical appearance of a single microlens under the SLR is shown by the
optical microscope frames in Fig. 5.18, where the oil breakup between adjacent
lenses is clearly visible.

In this case the sample was observed under the microscope after treating ther-
mally the microlens array already formed by the previous heating of the oil-
coated PPLN substrate. The movie frames show the slight morphology variation
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Fig. 5.18 Optical microscope
image of a single liquid lens
of an array of separated
lenses after formation and
successive thermal tuning
(from [43])

Fig. 5.19 (a) Images of the 1D PPLN sample used for the cylindrical lens; (b) image of a part of
the domain wall used for single toroidal lens; (c) typical periodic hexagonal structures used to form
a micro-array of toroidal lenses (from [52])

experienced by the microlens during this experiment, thus demonstrating the possi-
bility to achieve a focus tuning of the microlenses after their formation. This effect
may be of great interest to the field of optics, as demonstrated by some works pre-
sented recently in literature on this subject [46]. In fact, microlenses with adjustable
focal lengths may be useful to eliminate the need for mechanically moving parts,
thus reducing the size of the optical systems while enabling precision focusing.
Moreover, it is important to note that the frames in Fig. 5.19 show how, in case
of the SLR, the evolution of the focal length is only slightly visible by the sim-
ple observation under the optical microscope. Conversely, the phase reconstruction
in Fig. 5.15 clearly shows the curvature variation during the thermal process, thus
demonstrating the importance of the QPM for a deep understanding of the optical
behaviour of such liquid microlenses.

5.4 Hemicylindrical Liquid Microlenses

Even though many approaches have been developed for realizing liquid lenses,
only a few works have been reported on the fabrication of cylindrical and toroidal
microlenses [45, 49, 50]. Recently liquid droplets having hemicylindrical shape
have been obtained by inducing strong anisotropic wetting onto nanopatterned sur-
faces [51]. This section shows how the PEW technique can be used for inducing
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the spontaneous formation of hemicylindrical or even hemitoroidal liquid structures
onto PPLN substrates.

The crystal sample is coated with a thin film of an oily substance and then it
is heated and cooled in order to modify the shape of the liquid layer. During the
temperature change a fast reshaping of the oil film is observed. In the cylindrical
case, the process tends to an equilibrium state where the oil is gathered up into two
strips normal to the walls of the periodic domain pattern. These stripes exhibit lens-
ing behaviour and we characterize their focal length by means of QPM. In literature
many authors measure the focal length variations of liquid lenses but only by indi-
rect calculations. Indeed, starting from optical microscope images, they calculate
the height of the lens and then recover the focal length or measure the focal spot
formation [1, 10, 12, 19, 46]. The QPM approach provides a direct measurement of
the focal length from the computed complex wavefront at the lens exit pupil.

The cylindrical liquid lenses are generated by using a one-dimensional domain
reversed grating, while the toroidal microlenses are obtained through a single large
domain with a circular geometry or through an array of hexagonal domains. Fig-
ure 5.19 shows the optical microscope images of the PPLN samples. The 1D domain
grating in Fig. 5.19a has a period around 19 wm and is about 1 mm wide and the
schematic view of the domain structure is shown in Fig. 5.20a.

The samples were spin coated (3000 RPM) with the same oily substance as in the
previous experiments (pentanoic acid) in order to get an oil film about 100 wm thick.
The sample is positioned onto a thermo-controlled hotplate and the variation of the
liquid morphology is recorded during the temperature rising from 30 to 100°C under
an optical microscope. The thermo-controlled plate is made of a Peltier cell driven
by a software. Moreover a NTC sensor measured the temperature of the sample. The
device was able to furnish temperature ramps and cycles. Both the heating and the
cooling processes are analysed here as in the previous experiments. The oil film
appears to modify its shape in a regular and repeatable way during the cooling

(d

Fig. 5.20 Schematic pictures of the poled region for the PPLN sample (a) and the single domain
wall (c); optical microscope image of cylindrical liquid lens (b) and toroidal lens (d) (from [52])
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process. The final appearance of the oil film is shown in Fig. 5.20b, where two
cylindrical profiles are clearly visible, with their principal axes normal to the edges
of the periodic domain pattern. As described in the sketch of Fig. 5.20c, the presence
of an electric surface charge, generated by the pyroelectric effect, lowers the surface
tension due to the repulsion between like charges [17]. Therefore the liquid matter is
accumulated at the domain boundaries in order to minimize the energy of the whole
system. The details of the physics are outside the scope of this work and can be
found in [17, 43]. It is important to note that, as shown in Fig. 5.20b, the fine PPLN
structure does not affect the final overall behavior of the liquid that is collected
along the main domain walls as for the case shown in Fig. 5.20d where only two
domain walls exist. Figure 5.20d shows the microscope image of the toroidal lens.
In this case the reversed domain grating has a diameter of 5 mm and a circular
geometry. During the cooling process the oil film collects itself along the domain
wall disappearing from the domain grating area.

5.4.1 Characterization of Hemicylindrical Lenses by Quantitative
Phase Microscopy

An accurate QPM characterization of the cylindrical liquid structure is performed
for retrieving the focal length variation. Furthermore we show that an array of lig-
uid hemitoroidal lenses can be obtained on microscale dimension that could find
application as resonant micro-cavities for whispering gallery modes [53, 54]. Other
configurations of the oil distribution depend on the oil thickness and on the irreg-
ular poling. In the configuration shown in Fig. 5.21, a PPLN sample with a two-
dimensional geometry is presented.

The oil clearly exhibits an high-fidelity accumulation along the hexagonal
domain boundaries. Such micro-array of liquid toroidal structures can find appli-
cation as resonant liquid micro-cavities [53, 54]. In order to characterize in-situ the
liquid lenses, we adopted a DH interferometer in transmission configuration. The

Fig. 5.21 Liquid micro-array
of liquid toroidal structures.
The liquid follows the
non-uniform geometry of
each hexagon (from [52])
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sample was put on a hotplate and positioned in a DH setup. By DH we performed
an interferometric analysis that was able to quantify the focal length for the liquid
lens during its formation process. The setup was based on a Mach—Zehnder interfer-
ometer with a laser emitting at 532 nm (Fig. 5.5a). The object wave passed through
the sample, then it is collected by a microscope objective and made interfere with
the reference beam on a CCD camera placed, far from the objective image plane of
a distance d, named reconstruction distance. The complex wavefield in the image
plane is numerically calculated, starting from the interference pattern recorded by
the CCD, through the scalar theory of diffraction [55] and allow to recover the inten-
sity distribution and the phase retardation of the complex wavefield in the image
plane. One hundred holograms were recorded during the cooling process when
the covering substance modifies itself up to reach the final configuration showed
in Fig. 5.20b. The hologram recording rate was 15 frame/s and the temperature was
changed between 100 and 30°C. We computed the complex wavefield for each holo-
gram in the image plane of the cylindrical lens exit pupil. We calculate the wrapped
phase of the optical beam for each hologram and after a numerical unwrapping
procedure we recovered the optical phase map of the wavefront retardation. The
wrapped and unwrapped phase maps, corresponding to the final frame, are shown,
respectively, in Fig. 5.22a, b.
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Fig. 5.22 (a) Wrapped phase distribution and (b) unwrapped phase distribution of the optical
wavefront of the final frame at 30°. (c¢) Fitted surface obtained by the two-dimensional fitting
procedure. (d) Focal length measurement at the stationary condition (from [52])
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The two groups of movie frames show the temporal evolution of the phase map at
the exit pupil face. We performed a two-dimensional fitting procedure to evaluate the
focal length of the cylindrical lens. The equation used is A = ax?+bxy+c. From
the coefficient of the quadratic term we calculated the focal length f according to
the equation a = m/Af. The focal length varies from infinity to a very short value.
The final focal length is f = 670 um. The fitted surface obtained is showed in
Fig. 5.22a while in Fig. 5.22b the experimental data and fitting results are presented
for a cylindrical lens cross section.

The PEW-driven cylindrical microlenses shown here could be useful in a wide
variety of optics applications where the focusing light along one dimension is
required. They can be used for inducing and/or correcting anamorphism in laser
beam or images, correcting astigmatism in images, focusing light into a slit or for
converging light in a line scan detector.

5.5 Arrays of Polymer-Based Microlenses

Solid microlenses are small lenses generally with diameters less than a millimeter
and often down to 10 wm. Examples of such microlenses can be found in nature,
ranging from simple structures to gather light for photosynthesis in leaves to com-
pound eyes in insects. Nowadays, artificial solid single microlens and microlens
arrays play a fundamental role in the photonic technology. Numerous materials and
a variety of processes have been investigated for fabricating microlenses. In particu-
lar, most of solid microlens arrays are fabricated by means of moulding or emboss-
ing processes starting from an original matrix [56-58]. Differently from the liquid
lenses, the solid microlenses, especially made up of glasses or polymers, have well-
defined optical properties and are much less influenced by external agents. Conse-
quently, the applications of these microlenses are different, as they are mainly used
in the field of optical transmissions and photonics (fibre optics, CCD sensors, etc.).
Even though a great interest has been focused on microlenses with changeable focal
length, as explained in the previous sections, a great interest is still maintained in
fabricating microlens arrays that are not tunable, by using different materials. In this
way, polymeric materials such as PMMA [5] or PDMS [59] have been extensively
investigated. PDMS is an elastomer material widely used in different applications,
such as micro/nanofluidics, electrical insulation, micro/nanoelectromechanical sys-
tems (MEMS/NEMS), soft lithography, quantum dots and charge patterning in thin-
film electrects [60]. PDMS offers many advantages for the fabrication of patterned
structures. It is electrically insulating, mechanically elastic, gas-permeable and opti-
cally transparent. The latter property permits the study of this material through inter-
ferometric techniques, such as digital holography, treating the PDMS structures as
phase objects. Moreover, PDMS is also biocompatible, thus finding application in
the field of bioengineering, where the position of cells on a substrate is important
for different purposes. These include biosensor fabrication for drug toxicity and
environmental monitoring, tissue engineering, patterning of active proteins, pat-
terning of animal cells and basic biology studies where the role of cell adhesion,
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(a) (b)

Fig. 5.23 (a) Example of fabricated sample. (b) Optical microscope image of the PDMS microlens
array contained in the circle (from [62])

shape, proliferation and differentiation are studied as a function of cell-cell and
cell-extracellular matrix interactions. The ability to reliably pattern PDMS in the
form of both thick substrates and thin membranes or films is critical for expanding
the scope of its applications, especially in the fields of microfluidics and bioengi-
neering. In particular, PDMS is specifically suitable because of its good optical qual-
ity and the simplicity of the lenses fabrication process known as “soft lithography,”
where it is only necessary to have a mould to obtain a negative replica of the struc-
ture [56, 57]. Fabrication of PDMS microlens arrays was demonstrated by surface
wrinkling technique [61] or by using electromagnetic force-assisted UV printing.
Moreover, patterning of arrayed PDMS structures through parylene C lift-off and
capillary forming process [58] was demonstrated too. It is important to note that
lenses made with polymeric materials such as PDMS can be also tuned thanks to
the inherent elastic properties of the material. In fact, it has been demonstrated that
a single PDMS microlens can be actuated and tuned thermically [63].

The PEW technique is used here for fabricating arrays of polydimethylsiloxane
(PDMS)-based microlenses onto LN substrates. PDMS microlens arrays made of
thousands of lenses are fabricated, as shown in Fig. 5.23, having micrometric size
(100 pm of diameter) and focal length in the range of 300—1000 pm.

5.5.1 Fabrication of the Samples

The fabrication process is carried out onto a LN substrate, opportunely functional-
ized as described in Sect. 5.2. Three different samples are prepared, named A, B
and C. Sample A is wet-etched in pure HF for 10 min (etching depth ~ 12 pum)
after the poling process with the aim at obtaining a structure similar to that shown
in Fig. 5.24. Conversely, the samples B and C are not etched.

For samples A and B, a layer of PDMS polymer solution (Dow Corning Sylgard
184, 10:1 mixing ratio base to curing agent) is spin coated onto the z-face of the
PPLN substrate at 6000 RPM for 2 min. The PDMS-coated samples (with a PDMS
layer thickness of about 3 um) are then placed onto a hotplate at a temperature of



5 QPM for Accurate Characterization of Microlens Arrays 139

Fig. 5.24 SEM image of a
HF etched LN sample after
photolithographic and poling
processes, having a slightly
different pitch and depth of
etching of sample A (from
[62])

28.8kV ®6396

170°C for 30 s, thus inducing rapid heating of the sample and generating a microlens
array following the arrangement of the hexagonal domains [64]. The subsequent
cooling from 170°C down to room temperature solidifies the PDMS lenses that are
so ready for being characterized, as shown in Fig. 5.25a, b. Sample C is prepared
in a different way. A layer of 1.3 pm thick photoresist is first spin coated on a LN

Fig. 5.25 Drawings (a—c)
and optical microscope
images (d—f) of fabricated
samples. Sample A (a,d):
etched PPLN with reversed
hexagonal domains, on which
a PDMS microlens square
array is formed. Sample B
(b,e): non-etched PPLN with
PDMS microlenses. Sample
C (c,f): PDMS microlenses
alone, peeled off from a
non-etched PPLN substrate.
The pitch of the structures is
about 200 wm (from [62])
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z-face, at 3000 RPM for 1 min. Subsequently, the sample is placed onto a hotplate at
a temperature of 115°C for 60 s in order to bake the resist. Then, it is covered with
a drop of PDMS diluted with hexane (mixing ratio 3:1 PDMS to hexane), placed
onto a hotplate at a temperature of 130°C for 60 s, chilled and finally peeled off. In
this way the microlens array is detached from the substrate adopted to realize it, as
displayed in Fig. 5.25c¢.

The photoresist (being a dielectric material) appears not to affect too much the
formation of the PDMS microlenses, at least with the very thin layer used for this
experiment. Figure 5.25d—f shows the optical microscope images corresponding,
respectively, to the samples A, B and C in the focus plane of the substrate, the
image in the focus plane of the lenses being displayed as insets.

5.5.2 Characterization of Polymer Microlenses by QPM

The three samples exhibit different optical properties and they have been character-
ized by a DH-based technique for accurate QPM analysis. The experimental setup
consists in a typical Mach—Zehnder interferometer arranged in a transmission con-
figuration, as depicted in Fig. 5.5a. The source is a continuous-wave solid state laser
emitting light at 532 nm. The beam is divided in two by a beam splitter; the object
beam passes through a thin PDMS microlens array and is imaged by a 5x micro-
scope objective onto a CCD camera. The reference beam, opportunely expanded
and with the same polarization of the object one, is recombined with it thanks to
another beam splitter. The resulting interference pattern, i.e. the digital hologram,
is recorded by the CCD camera (pixel size 4.4 wm), placed at a distance d from the
image plane according to the holographic technique. The intensity and the phase of
the complex wavefields passing through the PDMS sample are numerically calcu-
lated starting from these digitally recorded holograms that contain all the specimen’s
information. Thanks to the flexibility of DH, wavefields reconstruction is possible in
different image planes without changing the setup, i.e. without moving the sample.
In particular, an accurate quantitative phase analysis allows us to precisely charac-
terize the curvature of each microlens with a resolution of about 1 pm.

Figure 5.26a, c, e displays the phase maps of a portion of each sample. The phase
of three microlenses, each picked out from a different sample and indicated by a red
frame, has been analysed in order to recover the focal length f. Figure 5.26b, d, f
shows a parabolic fit along both dimensions of the unwrapped phase map ¢(x, y),
according to (5.3). Here, we consider the parabolic approximation of the spherical
wavefront of the beam that passed through the lens. The focal lengths recovered
from the parabolic fits result to be 307 um, 1010 wm and 394 pm for samples A,
B and C, respectively [62], with a difference among lenses inside the same sample
of few microns.

By the measurements it results that the smallest focal length is that of sample A.
This effect is probably due to etching and thus reduction of the domain areas. For
sample B the value of fis higher and the lenses are flatter — as a consequence of the



5 QPM for Accurate Characterization of Microlens Arrays 141

Fig. 5.26 (a),(c),(e) Phase
map of sample A, B and C,
respectively; (b), (d), (f)
parabolic fit corresponding to
the microlens in red frame

(from [62])

50, 50 100 150
(kim) X (um)

Z (pm)

lens array plane

0 100 200 300 400
X (um)

(2) (b)

Fig. 5.27 (a) Scheme of the path of the rays passing through the sample. (b) Reconstructed ampli-
tude of the beams exiting from the microlenses and focusing after about 0.3 mm (from [62])
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fabrication process — as results from the fringes number and from the lower value of
the phase (see Fig. 5.26c, d). As regards sample C, it seems that the process of peel-
ing do not cause appreciable deformations in the lenses’ shape or aberrations (see
Fig. 5.26e, f). This could be very important for a realistic application of polymeric
microlens arrays.

The evaluated focal length is of the same order of magnitude of sample A. For
sample A an amplitude reconstruction varying the reconstruction distance d is also
performed. By a single acquisition with the CCD it is possible to recover, by vary-
ing d, the amplitude of the beams exiting from the microlenses, at different steps,
starting from the lens array plane up to the lens focus plane, as shown in Fig. 5.27a.
The result is displayed in Fig. 5.27b, the resulting focal length being about 300 pum,
in agreement with that obtained from the parabolic fit for sample A [62].

References

1. S. Kuiper, B.H.W. Hendriks, Variable- focus liquid lens for miniature cameras. Appl. Phys.
Lett. 85, 1128-1130 (2004)
2. L. Dong, A.K. Agarwal, D.J. David, J. Beebe, H. Jiang, Adaptive liquid microlenses activated
by stimuli-responsive hydrogels. Nature 442, 551-554 (2006)
3. B. Berge, J. Peseux, Variable focal lens controlled by an external voltage: an application of
electrowetting. Eur. Phys. J. E 3, 159-163 (2000)
4. L.G. Commander, S.E. Day, D.R. Selviah, Variable focal length microlenses. Opt. Commun.
177, 157-170 (2000)
5. P.H. Huang, T.C. Huang, Y.T. Sun, S.Y. Yang, Fabrication of large area resin microlens arrays
using gas-assisted ultraviolet embossing. Opt. Express 16, 3041-3048 (2008)
6. A. Pikulin N. Bityurin, G. Langer, D. Brodoceanu, D. Bauerle, Hexagonal structures on metal-
coated two-dimensional microlens arrays. Appl. Phys. Lett. 91, 191106 (2007)
7. F. Krogmann, W. Monch, H. Zappe, A MEMS-based variable micro-lens system. J. Opt. A 8,
$330-S336 (2006)
8. C.C. Cheng, C.A. Chang, J.A. Yeh, Variable focus dielectric liquid droplet lens. Opt. Express
14, 4101-4106 (2006)
9. C.C. Cheng, J.A. Yeh, Dielectrically actuated liquid lens. Opt. Express 15, 7140-7145 (2007)
10. N. Chronis, G.L. Liu, K.H. Jeong, L.P. Lee, Tunable liquid-filled microlens array integrated
with microfluidic network. Opt. Express 11, 2370-2378 (2003)
11. D.Y.Zhang, N. Justis, Y.H. Lo, Integrated fluidic adaptive zoom lens. Opt. Lett. 29, 2855-2857
(2004)
12. PM. Moran, S. Dharmatilleke, A.H. Khaw, K.W. Tan, M.L. Chan, I. Rodriguez, Fluidic lenses
with variable focal length. Appl. Phys. Lett. 88, 041120 (2006)
13. H. Ren, D. Fox, P.A. Anderson, B. Wu, S.T. Wu, Tunable-focus liquid lens controlled using a
servo motor. Opt. Express 14, 8031-8036 (2006)
14. L. Hou, N. Smith, J. Heikenfeld, Electrowetting modulation of any flat optical film. Appl.
Phys. Lett. 90, 251114 (2007)
15. N. Smith, D. Abeysinghe, J. Heikenfeld, J.W. Haus, Agile wide-angle beam steering with
electrowetting microprisms. Opt. Express 14, 6557 (2006)
16. B. Sun, K. Zhou, Y. Lao, W. Cheng, J. Heikenfeld, Scalable fabrication of electrowetting pixel
arrays with self-assembled oil dosing. Appl. Phys. Lett. 91, 011106 (2007)
17. J.L. Lin, G.B. Lee, Y.H. Chang, K.Y. Lien, Model description of contact angles in electrowet-
ting on dielectric layers. Langmuir 22, 484-489 (2006)
18. W.H. Hsieh, J.H. Chen, Lens-profile control by electrowetting fabrication technique. IEEE
Photon. Tech. Lett. 17, 606-608 (2005)



5 QPM for Accurate Characterization of Microlens Arrays 143

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

H. Ren, S.T. Wu, Tunable-focus liquid microlens array using dielectrophoretic effect. Opt.
Express 16, 26462652 (2008)

K.H. Jeong, G.L. Liu, N. Chronis, L.P. Lee, Tunable microdoublet lens array. Opt. Express 12,
2494-2500 (2004)

D. Grahan-Rowe, Liquid lenses make a splash. Nat. Photon. Volume sample, 2—4 (2006)

G. Beni, M.A. Tenan, Dynamics of electrowetting displays. J. Appl. Phys. 52, 6011-6015
(1981)

R. Hayes, D.J. Feenstra, Video-speed electronic paper based on electrowetting. Nature 425,
383-385 (2003)

D. Psaltis, S.R. Quache, C. Yang, Developing optofluidic technology through the fusion of
microfluidics and optics. Nature 442, 381-386 (2006)

F. Mugele, S. Herminghaus, Electrostatic stabilization of fluid microstructures. Appl. Phys.
Lett. 81, 2303-2305(2002)

E.L. Wooten et al., A review of lithium niobate modulators for fiber-optic communications
systems. IEEE J. Sel. Top. Quantum Electron. 6, 69-82 (2000)

R.L. Byer, Nonlinear optics and solid-state lasers: 2000. IEEE J. Sel. Top. Quantum Electron.
6, 911-930 (2000)

M. Yamada, N. Nada, M. Saitoh, K. Watanabe, First-order quasi-phase matched LiNbO3
waveguide periodically poled by applying an external field for efficient blue second-harmonic
generation. Appl. Phys. Lett. 62, 435-436 (1993)

S. Grilli, M. Paturzo, L. Miccio, P. Ferraro, In situ investigation of periodic poling in congruent
LiNbOs3 by quantitative interference microscopy. Meas. Sci. Tech. 19, 074008 (2008)

S. Grilli, L. Miccio, V. Vespini, A. Finizio, S. De Nicola, P. Ferraro, Liquid micro-lens
array activated by selective electrowetting on lithium niobate substrates. Opt. Express 16,
8084-8093 (2008)

K. Nassau, H.J. Levinstein, G.M. Loiacono, The domain structure and etching of ferroelectric
lithium niobate. Appl. Phys. Lett. 6, 228-229 (1965)

S. Grilli, P. Ferraro, P. De Natale, B. Tiribilli, M. Vassalli, Surface nanoscale periodic struc-
tures in congruent lithium niobate by domain reversal patterning and differential etching. Appl.
Phys. Lett. 87, 2331063 (2005)

V. Gopalan, T.E. Mitchell, In situ video observation of 180° domain switching in LiTaO3 by
electro-optic imaging microscopy. J. Appl. Phys. 85, 2304-2311 (1999)

R.S. Weis, T.K. Gaylord, Lithium niobate: Summary of physical properties and crystal struc-
ture. Appl. Phys. A 37, 191-203 (1985)

E.M. Bourim, C.-W. Moon, S.-W. Lee, I.K. Yoo, Investigation of pyroelectric electron emis-
sion from monodomain lithium niobate single crystals. Phys. B 383, 171-182 (2006)

B. Rosenblum, P. Briunlich, J.P. Carrico, Thermally stimulated field emission from pyroelec-
tric LINbO3. Appl. Phys. Lett. 25, 17-19 (1974)

G. Rosenman, D. Shur, Y.E. Krasik, A. Dunaevsky, Electron emission from ferroelectrics. J.
Appl. Phys. 88, 6109-6161 (2000)

E. Colgate, H. Matsumoto, An investigation of electrowetting-based micro actuation. J. Vac.
Sci. Technol. A 8, 3625-3633 (1990)

M.G. Lippmann, Relations entre les phénomenes électrique et capillaries. Ann. Chim. Phys.
5,494 (1875)

F. Beunis, F. Strubbe, M. Marescaux, K. Neyts, A.R.M. Verschueren, Diffuse double layer
charging in nonpolar liquids. Appl. Phys. Lett. 91, 182911-182913 (2007)

F. Mugele, J.-C. Baret, Electrowetting: from basics to applications. J. Phys. Condens. Matt.
17, R705-R774 (2005)

P. Ferraro, S. De Nicola, G. Coppola, in Optical Imaging Sensors and Systems for Homeland
Security Applications, vol. 2, Series ed. by B. Javidi. Digital holography: recent advancements
and prospective improvements for applications in microscopy. Advanced Sciences and Tech-
nologies for Security Applications. (Springer, Heidelberg, 2005), pp. 47-84



144

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

S. Grilli et al.

L. Miccio, A. Finizio, S. Grilli, V. Vespini, M. Paturzo, S. De Nicola, P. Ferraro, Tunable
liquid microlens arrays in electrode-less configuration and their accurate characterization by
interference microscopy. Opt. Express 17, 2487-2499 (2009)

G. Milne, G.D.M. Jeffries, D.T. Chiu, Tunable generation of Bessel beams with a fluidic axi-
con. Appl. Phys. Lett. 92, 261101 (2008)

X. Mao, J.R. Waldeisen, B.K. Juluri, T.J. Huang, Hydrodynamically tunable optofluidic cylin-
drical microlens. Lab. Chip 7, 1303-1308 (2007)

X. Huang et al., Thermally tunable polymer microlenses. Appl. Phys. Lett. 92, 251904 (2008)
Y. Choi, H.R. Kim, K.H. Lee, Y.M. Lee, J.H. Kim, A liquid crystalline polymer microlens
array with tunable focal intensity by the polarization control of a liquid crystal layer. Appl.
Phys. Lett. 91, 221113 (2007)

H. Ren, Y.H. Fan, S.T. Wu, Liquid-crystal microlens arrays using patterned polymer networks.
Opt. Lett. 29, 1608-1610 (2004)

Y.-H. Lin et al., Tunable- focus cylindrical liquid crystal lenses. Jpn. J. Appl. Phys. 44,
243-244 (2005)

J.-H Lee et al., Efficiency improvement and image quality of organic light-emitting display by
attaching cylindrical microlens arrays. Opt. Express 16, 21184-21190 (2008)

D. Xia, S.R.J. Brueck, Strongly anisotropic wetting on one-dimensional nanopatterned sur-
faces. Nano Lett. 8, 2819-2824 (2008)

L. Miccio, M. Paturzo, S. Grilli, V. Vespini, P. Ferraro, Hemicylindrical and Toroidal Liquid
Microlens formed by Pyro-Electro-Wetting (PEW). Opt. Lett. 34, 1075-1077 (2009)

A. Kiraz, Y. Karadag, A.F. Coskun, Spectral tuning of liquid microdroplets standing on
a superhydrophobic surface using electrowetting. Appl. Phys. Lett. 92, 1911041-1911043
(2008)

S.I. Shopova, H. Zhou, X. Fan, P. Zhang, Optofluidic ring resonator based dye laser. Appl.
Phys. Lett. 90,2211011-2211013 (2007)

P. Ferraro, S. Grilli, M. Paturzo, S. De Nicola, in Ferroelectric Crystals For Photonic Appli-
cations, eds. by P. Ferraro, S. Grilli, P. De Natale. Visual and quantitative characterization of
ferroelectric crystals and related domain engineering processes by interferometric techniques.
(Springer, Heidelberg, 2008), pp. 165-208

T.K. Shih, J.R. Ho, J.W.J. Cheng, A new approach to polymeric microlens array fabrication
using soft replica molding. IEEE Phot. Tech. Lett. 16, 2078 (2004)

T.K. Shih, C.F. Chen, J.R. Ho, FT. Chuang, Fabrication of PDMS (polydimethylsiloxane)
microlens and diffuser using replica molding. Microelectron. Eng. 83, 2499 (2006)

C.Y. Chang, S.Y. Yang, L.S. Huang, K.H. Hsieh, Fabrication of polymer microlens arrays
using capillary forming with a soft mold of micro-holes array and UV-curable polymer. Opt.
Express 14, 6253 (2006)

S. Grilli, V. Vespini, P. Ferraro, Surface-charge lithography for direct PDMS micro-patterning.
Langmuir 24, 13262 (2008)

H.O. Jacobs, G.M. Whitesides, Submicrometer patterning of charge in thin-film electrets. Sci-
ence 291, 1763-1766 (2001)

E.P. Chan, A.J. Crosby, Fabricating microlens arrays by surface wrinkling. Adv. Mater. 18,
3238 (2006)

F. Merola, M. Paturzo, S. Coppola, V. Vespini, P. Ferraro, Self-patterning of a polydimethyl-
siloxane microlens array on functionalized substrates and characterization by digital hologra-
phy. J. Micromech. Microeng. 19, 125006 (5pp) (2009)

S.Y. Lee, H.W. Tung, W.C. Chen, W. Fang, Thermal actuated solid tunable lens. IEEE Phot.
Tech. Lett. 18, 2191 (2006)

P. Ferraro, S. Grilli, L. Miccio, V. Vespini, Wettability patterning of lithium niobate substrate
by modulating pyroelectric effect to form microarray of sessile droplets. Appl. Phys. Lett. 92,
213107 (2008)



Chapter 6
Quantitative Phase Imaging in Microscopy
Using a Spatial Light Modulator

Vicente Mico, Javier Garcia, Luis Camacho, and Zeev Zalevsky

Abstract In this chapter, we present a new method capable of recovery of the quan-
titative phase information of microscopic samples. Essentially, a spatial light modu-
lator (SLM) and digital image processing are the basics to extract the sample’s phase
distribution. The SLM produces a set of misfocused images of the input sample at
the CCD plane by displaying a set of lenses with different power at the SLM device.
The recorded images are then numerically processed to retrieve phase information.
Computations are based on the wave propagation equation and lead to a complex
amplitude image containing information of both amplitude and phase distributions
of the input sample diffracted wave front. The proposed configuration becomes a
non-interferometric architecture (conventional transmission imaging mode) where
no moving elements are included. Experimental results are provided in comparison
with conventional digital holographic microscopy.

6.1 Introduction

Optical light microscopy [1] is one of, if not the most, enabling tools in many appli-
cation fields such as semiconductor industry, material science, biomedicine, and
micromechanical testing, just to cite a few. The role of optical microscopes is essen-
tially to interpret 2D or, better still, the 3D structure of the specimen being studied.
In particular and in biological research, there are two disciplines that are captur-
ing the attention of the scientific community. On one hand, fluorescence imaging is
becoming a standard tool at many fields in genetics, embryology, and cell biology
for imaging of biomolecules in a labeled sample while being illuminated in the
presence of synthetic fluorophores and/or fluorescent proteins. On the other hand,
contrast enhancing methods allow the characterization of unstained biosamples and
are widely used to examine dynamic events in live cell imaging.

Contrast enhancing techniques solve the question of imaging the specimens
without altering them by killing or adding chemical dyes or fluorophores. Since
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many specimens in microscopy are essentially transparent, that is, they are phase
objects, image contrast provided by the microscope is extremely poor and the sam-
ple remains almost invisible. This reason encourages scientists to develop new meth-
ods to improve specimen visibility. Thus, darkfield, phase contrast (PC), differential
interference contrast (DIC), oblique illumination, and polarized light microscopy
have been successfully proposed and validated along the past century as imaging
methods capable to bring images of phase objects with improved contrast [2]. Just
as example, PC [3] and DIC [4] microscopy are two interference methods capa-
ble of converting the phase variation incoming from changes in optical path length
(thickness and/or refractive index changes) of the specimen into amplitude varia-
tions allowing thus intensity fluctuations of the obtained image. In PC microscopy,
the interference is caused by phase shifting the undiffracted (undeviated or zero
order term) light passing through the sample with respect to the diffracted (deviated
or non-zero order term) light scattered by the sample, or vice versa. On the contrary,
DIC microscopy mixes two slightly shifted images of the same specimen in such a
way that the final image becomes related with the optical path length gradient in the
direction of the shear. However, in spite of their interferential nature, PC and DIC
only provide visualization of phase objects, that is, both methods are qualitative
from an optical path length measurement point of view with a nonlinear response
between intensity and phase in the final specimen image [5].

Nowadays, classical PC [3] and DIC [4] microscopy have evolved to new meth-
ods [6-11], most of them capable of extracting quantitative phase information
[7-11]. In that sense, optical phase measurement of specimens provides valuable
information about morphology, refractometry, topography, and dynamics of cells
and tissues at nanometer scale. One can divide the quantitative phase measurement
methods in accordance with single-point and full-field techniques [12]. Single-point
phase measurement methods allow ultrafast and ultrasmall changes in optical path
length of a small area. Just as example of a single-point technique, phase dis-
persion microscopy (PDM) is based on the measurement of the phase difference
between the fundamental and the second-harmonic non-scattered light transmitted
through the sample in an interferometric configuration such as Michelson [13] and
Mach—Zehnder [14]. PDM allows highly differential optical path sensitivity incom-
ing from subtle refractive index differences. Large area phase measurement is pos-
sible by raster scanning the full sample field of view. However, this strategy is time
consuming, and because recent developments in 2D array sensor devices permit
high-speed imaging detection (thousands of frames per second), full-field phase
measurement methods appear as more promising techniques.

6.2 Full-Field Quantitative Phase Imaging

We have divided this section into approaches that are based on holography as under-
lying principle for achieving full-field quantitative phase imaging and approaches
that are not.
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6.2.1 Holographic Approaches

In addition to PC and DIC microscopy, the third classical method for phase imaging
is holography. Although PC and DIC techniques are also based on interferometry,
essentially both methods provide visualization of the boundaries of a phase sample
structure. On the contrary, holographic methods allow full-field quantitative mea-
surement of the absolute phase sample information [15].

Imaging with holographic tools was established by Dennis Gabor in 1948 [16]
when trying to overcome the limitations due to the use of lenses in electron
microscopy. Essentially, the Gabor’s setup implies an in-line configuration where
the imaging wave (caused by sample’s diffraction) and the reference wave (incom-
ing from the non-diffracted light passing through the sample) interfere at the record-
ing plane. If the sample is a weak diffractive sample, the interference process results
with holographic recording where complete (amplitude and phase) information
about the sample wave front becomes accessible. Otherwise, the sample excessively
blocks the reference wave, and diffraction dominates the process preventing the
accurate recovery of the sample’s complex wave front.

Nowadays, the hologram is recorded by electronic devices (typically a CCD or
CMOS camera) and digital Fourier filtering as well as numerical reconstruction
algorithms are commonly used for quantitative phase imaging [17, 18]. In that sense,
digital in-line holographic microscopy (DIHM) implements the Gabor basic setup
with digital holographic recording provided by a CCD [19, 20], and it has been suc-
cessfully implemented for a long range of applications including underwater obser-
vations, tracking of moving objects and particles, as well as the study of erosion
processes in coastal sediments [21-24].

DIHM configuration has also been studied under phase-retrieval purposes [25—
28]. The main objective is to reconstruct the complete complex amplitude of the
original sample wave front, both real and phase distributions, avoiding the noise
caused by the twin image of the holographic recording. This task can be tackled
by means of non-iterative [25, 27, 28] as well as iterative methods [26] and using
one [28] or more [25-27] holograms (recording planes). Essentially, all those meth-
ods are based on back propagation of the recorded diffracted wave front until other
planes (including the input sample as well as other hologram planes) and then apply
some kind of mathematical or physical constraints.

However, all those methods cannot work outside the Gabor assumption concern-
ing weak diffractive samples. This restriction can be easily removed by inserting
an external reference beam at the recording plane [15, 29]. In this case, the sample
information is placed in one interferometric beam and the reference beam in a dif-
ferent one in such a way that the distorted wave front passing through the sample
interferes with an undistorted reference beam. The resulting image contains quanti-
tative information about the phase delay introduced by the sample, information that
can be used to reconstruct a 3D quantitative microscopic image with nanometric
resolution along the optical axis since phase delay is directly related with thickness
and refractive index changes in the sample.
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In that sense, digital holographic microscopy (DHM) combines high-quality
imaging provided by microscopy, whole-object wave front recovery provided by
holography, and numerical processing capabilities provided by computers [30-33].
As a result, DHM avoids the limited depth of focus in high NA lenses and allows
visualization of phase samples that are not visible under conventional microscope
imaging [34].

In DHM, the basic architecture is defined by an interferometric setup where the
imaging system is placed on one branch (imaging arm) and a reference beam is
reinserted at the CCD plane incoming from a second branch (reference arm). Owing
to its interferometric underlying principle, different classical interferometric config-
urations can be employed [31, 35-39]. But in any case, DHM implies the mixing
of an imaging and a reference beam in order to recover the complex amplitude
distribution of the wave front diffracted from the input sample. Such phase and
amplitude distribution extraction can be performed in off-axis configuration and
by using Fourier filtering [15, 17] or in on-axis mode and by using phase-shifting
process [15, 40, 41].

Over the last decade, a new generation of full-field phase imaging methods
has been proposed showing a growing interest in quantitative phase imaging
[42-62]. Zicha et al. proposed that digitally recorded interference microscopy with
automatic phase shifting (DRIMAPS) combines phase-shifting interferometry with
Horn microscopy for quantitative phase imaging in biology and it has been applied
to measuring cell spreading, cell motility, cell growth, and dry mass [42, 43]. How-
ever, DRIMAPS is affected by phase noise, and this fact will prevent accurate long-
term dynamic studies.

Spiral phase contrast microscopy (SPCM) proposes a Zernike-like setup with
a spiral phase filter in the Fourier plane of the microscope. Such spiral phase fil-
ter produces boundary enhancement of the sample and can be used to extract its
topographic information [44]. In addition, by computing a sequence of three images
corresponding to different rotational orientations of the filter, SPCM is capable of
retrieving full-field quantitative phase sample information [45, 46].

Fourier phase microscopy (FPM), a combination of PC microscopy with phase-
shifting interferometry [47], is capable of retrieving quantitative phase images with
subnanometer optical path stability due to its common-path interferometric architec-
ture. In addition, FPM enables coherence noise reduction incoming from the use of
partially coherent light sources and it has been applied to study cell dynamics over
extended periods of time [48-50]. However, FPM has a limitation incoming from
the use of phase-shifting procedure that prevents the use of FPM for very rapid (in
the millisecond scale) phenomena such as cell membrane fluctuations and neural
activity.

In that sense, Hilbert phase microscopy (HPM) applies mathematical Hilbert
transform to the off-axis hologram recorded by using a regular Mach—Zehnder inter-
ferometric configuration in order to quantitatively extract the phase delay introduced
by the specimen [51-53]. HPM is a single-shot technique capable of measuring
events in the kilohertz range because it is only limited by the acquisition time of
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the recording device. However, HPM suffers from optical length path instabilities,
due to mechanical and/or thermal changes on both optical paths, incoming from the
Mach-Zehnder interferometric setup.

For this reason, diffraction phase microscopy (DPM) is proposed as a combina-
tion with the main advantages of FPM and HPM, that is, it provides full-field quan-
titative phase imaging with high phase stability over broad temporal scales while
working in a single illumination shot [37, 54, 55]. DPM has also been combined
with fluorescence [56], confocal [57], dynamic light scattering [58], and Fourier
transform light scattering [59, 60] microscopy enabling multimodal microscopy
techniques with different capabilities.

Recently proposed spatial light interference microscopy (SLIM) implies a com-
bination between PC microscopy and Gabor holography [61]. SLIM completes
a phase-shifting cycle needed to recover quantitative phase information in PC
microscopy by using variable phase shift provided by an SLM. While conventional
PC microscopy provides /2 phase shift between undeviated and deviated light
passing through the sample, the SLM permits the additional phase steps of 7, 37/2,
and 2w closing the full phase-shifting cycle. Thus, four images corresponding to
each phase shift were recorded under white light illumination and combined to pro-
duce a full-field quantitative phase image. SLIM reveals the intrinsic contrast of
biosample structures while renders quantitative optical path length maps across the
specimen. SLIM has also been combined with DPM to enable single-shot operation
principle [62].

6.2.2 Non-Holographic Approaches

However, phase retrieval can also be conducted without holography, that is, without
the addition of a reference beam. The key point is to consider numerical recon-
structions derived from the intensity variations of the input object’s diffracted wave
front [63—70]. All these methods are inherently stable against phase noise since they
do not require the use of two separate beams for phase quantification as in typical
interferometric setups. Also, those methods can be implemented with light sources
having a partial degree of coherence in conventional microscopes, which makes
simpler the experimental setup.

Barty et al. [65] proposed quantitative optical phase microscopy (QOPM) as a
non-interferometric method for the extraction of full-field quantitative phase profile
information based on the analysis of how the propagation beam is affected by the
sample. They used an ordinary transmission microscope where different intensity
images (in focus and defocused images) were measured by moving the sample in
the z-axial direction using a stepper motor. The resulting intensity measurements
acted as inputs of a deterministic phase-retrieval algorithm based on the transport of
intensity equation [66—69].

Aimed in the same direction but using coherence illumination, Pedrini et al.
[71-73] reported on a complex wave front reconstruction non-interferometric
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method based on the recording of the volume speckle field provided by an object
under laser illumination and phase-retrieval algorithm. They validated the method
working without lenses and displacing axially the CCD to provide the different
intensity measurement planes that are needed for the computations. After that,
reconstruction algorithms based on iteration of the wave propagation equation
allow the recovery of the object’s complex amplitude wave front. This single-beam
multiple-intensity reconstruction (SBMR) method has also been validated in shape,
deformation, and angular displacement measurements of 3D objects [74, 75].

But in the work reported on [26, 65, 71-75], the ability to defocus the input
sample to measure several intensity distributions is obtained by either mechan-
ical displacement of the sample [65] or the CCD camera [26, 71-75]. Thus,
such approaches become extremely sensible to small misalignments due to non-
orthogonalities and tilts in the experimental setup and to noise incoming from envi-
ronmental disturbances between different recorded images.

However, all those drawbacks can be removed by considering a static experi-
mental setup having no moving components. Thus, in order to improve the capabili-
ties of previous approaches [71, 72], Bao et al. reported on a new method where
the set of diffracted patterns is recorded by displacing neither the CCD nor the
sample but by tuning the illumination wavelength [76]. Thus, the system setup
becomes static where no moving components are needed. This approach improves
the convergence of the phase-retrieval algorithm in comparison with previous works
[26, 71, 72] while reduces the impact of noise incoming from the use of mechanical
components.

In this chapter, a new approach for phase retrieval based on an SLM and where
no moving elements are considered is presented in the field of digital microscopy
[77]. Recently, several applications have been proposed in microscopy validating the
use of an SLM as a programmable versatile element for quantitative phase [45, 48],
qualitative [78] and quantitative [79] PC, depth of field extension [80], and DIC [81]
microscopy. Here, the SLM is used to provide a set of different misfocused images
of the sample without the need of mechanical moving neither the sample nor the
CCD. Thus, the experimental setup becomes an in-line configuration (conventional
imaging system in transmission mode) where a microscope lens magnifies the input
sample onto a CCD placed at the output image plane. The misfocus is originated
by displaying at the SLM a phase profile lens with finite focal length (or non-zero
power). Thus, by varying the lens focal length that is being displayed at the SLM,
it is possible to record a set of misfocused images in a way that is equivalent to the
multiple intensity recordings provided by displacing the CCD in the SBMR method
[26, 71-75] or by displacing the sample [65]. Once the whole set of misfocused
images is stored in the computer’s memory, they are digitally processed in a similar
way as that in [71, 72] but taking into account that the addition of a lens in the
SLM changes not only the imaging plane but also its magnification. This numerical
process is carefully described in Sect. 6.3, where also a system setup description
is provided and finally yields in-phase information recovery of the input sample.
Experimental results are included both in Sect. 6.3 for a better understanding of the
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numerical computation process and for calibration purposes, and in Sect. 6.4 for a
3D biosample composed of swine sperm cells.

6.3 Full-Field Quantitative Phase Imaging in Microscopy by
Means of Defocusing Using an SLM

The experimental setup used to validate our method is depicted in Fig. 6.1. A lin-
early polarized and collimated laser beam illuminates the input sample which is
imaged by an infinity-corrected long working distance microscope objective in infin-
ity imaging configuration. An additional tube lens brings the input sample into focus
at its focal plane where a CCD is placed to capture imaging. Essentially, it is a
conventional non-interferometric microscope configuration. However, an SLM in
reflective configuration is placed between microscope and tube lenses. The SLM is
controlled by a computer in order to display the different lenses. Finally, an addi-
tional polarizer placed after the SLM optimizes the SLM phase modulation process.

In this configuration and when no lens is displayed at the SLM, the CCD images
a given 2D section of the 3D sample according to the depth of focus provided by
the microscope lens. Thus, objects outside the depth of focus will appear blurred.
This situation is represented in Fig. 6.2a where only the ray tracing in red is focused
onto the CCD. Then, by varying the power of the lens displayed at the SLM from
positive to negative in the range that the SLM is able to, different sections of the
3D sample will be in focus at the CCD. Obviously, the SLM lens power is very low
in comparison with the one that is defined by the microscope lens, but it means a
refocusing capability over different sections of the 3D input sample; that is, different
transversal planes of the sample will be in focus at the CCD by varying the power
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Fig. 6.1 Experimental setup drawing for phase retrieval in reflection mode
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Fig. 6.2 Ray tracing for a 3D sample: (a—c) correspond to the central, left, and right parts of the
3D sample (red, blue, and green ray tracings), respectively, corresponding to no-lens, negative lens,
and positive lens cases displayed at the SLM, respectively

of the SLM-displayed lens. When negative lenses are considered (Fig. 6.2b), we are
imaging further sections of the sample in comparison to the previous case where no
lens was displayed at the SLM. The contrary happens when using positive lenses
(Fig. 6.2¢). The magnified area of the 3D sample in Fig. 6.2a helps us to identify the
color ray tracing with the imaged section of the sample.

This refocusing ability provides the system with an additional advantage in com-
parison with previous works [71-75]: since different transversal sections of the 3D
input sample become imaged, the phase-retrieval algorithm uses real intensity imag-
ing planes along the iteration procedure. Or in other words, some of the different
amplitude distributions taken during the phase iteration process are real imaging
planes instead of diffracted (or defocused) wave fronts. As we will see in the experi-
mental section, this fact allows a better final image quality resulting from the whole
process.

Now and in the following lines, the numerical manipulation involved in the pro-
posed approach is presented. For a better understanding of the algorithm, the qual-
itative computational procedure is accompanied with experimental results obtained
when a high-resolution negative USAF test target is used as input object. More-
over, aside of being useful for clarifying the numerical processing, the USAF test
procedure provides preliminary calibration stage for the proposed setup when more
complex samples (phase samples) are considered provided that the misfocus gener-
ated by the SLM will be the same.

Although the SLM can produce a larger set of images, we take one in-focus
image of the USAF test obtained when no lens is considered at the SLM, four
misfocused images using negative lenses, and four misfocused images using pos-
itive lenses. This set of nine intensity images corresponding to different sections of
the input sample is stored in the computer’s memory. Let us name such intensities
as Iy, where N varies from 1 to 9. The whole set of images for the case of the
USAF test target is represented in Fig. 6.3 where case (e) corresponds to the SLM
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Fig. 6.3 Raw direct images of the USAF test central part obtained when varying the power of the
lens displayed at the SLM

no-lens case. However, since the final image magnification in an infinity-corrected
imaging configuration depends on the ratio between the focal lengths of the tube
lens and the microscope objective, an increase in the power of the tube lens implies
a reduction in the overall image magnification. Assuming that the SLM lens can be
interpreted as a slight modification of the tube lens, positive lenses at the SLM will
produce a reduction in the image magnification (Fig. 6.3a—d) while negative lenses
will increase the magnification of the image (Fig. 6.3f—i) when comparing with the
no-lens SLM imaging case (Fig. 6.3¢).

For this reason and prior to applying the Rayleigh—-Sommerfeld (RS)-based
phase-retrieval algorithm on the digital propagation between the different intensity
planes, the Iy inputs must be matched in magnification and transverse location.
Otherwise, the numerical propagation will need magnification compensation and
will cause costly computational difficulties. Moreover, a precise propagation dis-
tance between planes is also needed.

The procedure for accurately matching the magnification and lateral displace-
ment, as well as the propagation distance between planes, implies a double-step
algorithm based on the maximization of the correlation peak value. The first step is
divided into two rounds. In the first one, different scaled versions of each misfocus
image (I with N # 5) are correlated in intensity with the image obtained when no
lens is displayed by the SLM (/5 or Fig. 6.3¢). Nevertheless and aside magnification
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change, the SLM lens also introduces a linear phase factor (or in other words, a
shift) in the blur coming from misalignments in the experimental setup. Therefore, a
control over the image displacement will also be needed. Thus, the maximum value
and the displacement of the correlation peak from the image centre are indicative
of both the best scale factor and the image displacement, respectively, to be applied
for each Iy (N # 5) image in this first round of the adjusting procedure. Taking
these values as inputs, we perform a second round where a finer adjustment of the
scale factor and the displacement is achieved by polynomial adjustment around the
maximum values of the correlation distributions.

However, all of the correlation operations performed in the first step are obtained
between blurred images (since they are originated by varying the SLM lens power)
and the in-focus image (no-lens imaging case). So, in order to get more accurate
values of scale factors and displacements, we need to consider an additional vari-
able: the propagation distance. Thus, the second step iterates the propagation dis-
tance with the scale factors and displacements. Numerical propagation is based on
the well-known RS equation where the approximation based on convolution oper-
ation is applied [15, 18, 39]. Thus, the diffraction integral is calculated using three
Fourier transformations through the convolution theorem, that is, RS(x, y; d) =
FT-YFT{U (x, y)} - FT{h(x, y; d)}}, where RS(x, y) is the propagated wave field,
U(x,y) is the recorded hologram, h(x, y) is the impulse response, (x, y) are the
spatial coordinates, FT is the Fourier transform operation (realized with the FFT
algorithm), and d is the propagation distance.

In our approach, the recorded hologram is the amplitude distribution incom-
ing from the square root of the in-focus image intensity (/5). This input image is
digitally propagated to different distances and correlated with scaled and shifted
versions of the rest of the images (Iy with N # 5). Obviously, the starting values
for the scale and shift are those obtained in the first step. After the first round of
propagations, we store in the computer’s memory the values of propagation dis-
tances that produce maximization in the correlation peak. With these best values, we
refine the scale factor and displacement of each image (I with N # 5). Then, we
re-scale and re-shift again each defocused image and compute again the correlation
operation varying slightly the propagation distance. This process is repeated until
the difference between new and previous values is lower than 1073,

As a consequence of this double-step process, a double result is obtained. On
one hand, a new set of intensity images (named as /) having both the same object
size and the same lateral position is obtained. Figure 6.4 depicts this new set of I},
images. On the other hand, the propagation distance between the different images is
known in a precise way.

Taking into account the new set of Iy, images, phase-retrieval algorithm is
applied to reconstruct the complex amplitude distribution of the diffracted object
wave field. The phase iteration process starts with an initial complex ampli-
tude distribution Ujp(x, y) coming from the square root of the first intensity
image (/{ or Fig. 6.4a) multiplied by an initial constant phase: Uj(x,y) =
I{(x, y)exp(igo(x, y)), being ¢o(x, y) = 0. This initial complex amplitude dis-
tribution Uj(x, y) is digitally propagated to the next measured plane, that is, to
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Fig. 6.4 Image compensation for magnification and lateral position introduced by the lens dis-
played at the SLM for the USAF test central part

the image represented by I (or Fig. 6.4b). Once again, numerical computation of
the RS equation by convolution approximation is considered, but now the recorded
hologram is the complex amplitude distribution Uj (x, y), and the Fresnel approxi-
mation is used in the calculation of the Fourier transform of the impulse response
H(u,v;d) = FT{h(x, y; d)}, where (u, v) are the spatial frequency coordinates.
Then, the calculation of the propagated wave field from the first measured intensity
to the second one separated by a distance of d> is simplified to RSy (x, y; d) =
FT_I{Tl (u,v) H(u,v;dy)}, where Ty (u, v) = FT{U;(x, y)} is the Fourier trans-
form of the initial complex wave field.

This procedure is repeated for every plane where measurements are performed,
that is, RSy4+1(x, y; dy+1) = FT’I{TN(u, v) H(u, v; dy+1)}. However, for sub-
sequent propagations (N # 1), we retain the phase distribution ¢y (x, y) incom-
ing from the previous propagation and replace the obtained amplitude by the
square root of the intensity measured at that plane: Ty (u, v) = FT{Un(x,y)} =
FT{(I} (x, y))1/2 exp(ign (x, y))}. Let us name the iterative process from the first
image (/1) to the last one (/y) step by step considering all the images as a cycle.
Thus, once one cycle is performed, we propagate from Ig to I; and the iterative
process starts again; that is, a second cycle is considered. The iterative process is
repeated until the quality of the reconstructed image at the imaging plane (/5 or
Fig. 6.3e) will be smaller than some predefined threshold. This threshold is obtained
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Fig. 6.5 Representation of
the normalized rms (vertical
coordinate) versus the
number of cycles (horizontal
coordinate)
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by computing the root mean square (rms) between the real image I{ and the one
being obtained from the last image of the set (/5) propagated to plane number 5.
Figure 6.5 plots the normalized variation of the rms as the number of cycles increase
(from 1 to 25). We stop the iteration process at cycle number 6 when the rms value

equals the background rms.

Finally, the whole process retrieves phase information about the input sample
and, thus, the entire complex amplitude wave front reconstruction. Figure 6.6a
depicts the case when the central part of the USAF test target is directly imaged

Fig. 6.6 (a) Direct imaging of the USAF test central part. (b—d) Propagated images resulting with-
out cycle, with one cycle, and with six cycles in the iteration process, respectively
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Fig. 6.7 (a) Representation of the normalized rms (vertical coordinate) versus the number of
cycles (horizontal coordinate). (b and ¢) Propagated image resulting after 1 and 13 cycles, respec-
tively, in the iteration process

over the CCD, case b corresponds to the direct propagation of image 1, (Fig. 6.4i)
without applying the proposed approach, and cases ¢ and d represent the resulting
image obtained after one and six cycles, respectively, in the phase iterative process.
We can see that no image reconstruction is possible when the proposed approach
is not considered while a very good image quality is reconstructed by considering
only one cycle in the iteration process.

As final step, we have checked the robustness and the capabilities of the proposed
approach when considering less reconstruction planes in the iteration process. As
first case, we have avoided the use of plane numbers 4, 5 (real imaging plane),
and 6 corresponding to images d—e—f of Fig. 6.4, respectively, in the reconstruction
process. That is, we are considering only misfocused images in the phase iteration
reconstruction. The resulting reconstructions are depicted in Fig. 6.7 where the num-
ber of cycles increases from 6 to 13 in order to achieve a similar result as the one
obtained in Fig. 6.6d.

And as second case, we have considered a less number of images in the recon-
struction process: only image numbers 7-8-9 corresponding to images g-h—i in
Fig. 6.4, respectively. The results are depicted in Fig. 6.8. Once again, an improve-
ment in the number of cycles (from 6 to 9) is needed to achieve a similar result as
the one obtained in Fig. 6.6d. Also as we can see, the reconstruction obtained with
only one cycle (Fig. 6.8b) is significantly worse than the case depicted in Fig. 6.7b.
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Fig. 6.8 (a) Representation of the normalized rms (vertical coordinate) versus the number of
cycles (horizontal coordinate). (b and ¢) Propagated image resulting after one and nine cycles,
respectively, in the iteration process

6.4 Experimental Validation of the Proposed Approach

In this section we present the experimental implementation of the reported approach
when considering a complex sample composed by swine sperm cells enclosed in a
counting chamber having a thickness of 20 um. The sperm cells have an elliptical
head shape of height and width around 6 x 9 um, a total length of 55 pm, and a tail’s
width of 2 wm on the head side and below 1 wm on the end, approximately. It is an
unstained sample that is dried up allowing fixed sperm cells for the experiments.
Because of drying, the cells are fixed at different sections of the chamber allowing
different sections in 3D.

The experimental setup assembled to validate the proposed approach is shown in
Fig. 6.9. A collimated and horizontally polarized laser beam (Roithner Lasertechnik;
green diode pumped laser modules, 532 nm wavelength) impinges over the input
sample. A long working distance infinity-corrected microscope lens (Mitutoyo, M
Plan Apo; 0.55 NA) in infinity imaging mode is used as imaging lens providing
the image of the input sample at infinity. Imaging over the CCD (Basler A312f,
582 x 782 pixels, 8.3 um pixel size, 12 bits/pixel) is achieved by a tube lens (doublet
lens with 300 mm focal length). In this configuration, the resulting image has a
magnification of 75 x. A reflective SLM (Holoeye HEO 1080 P, 1920 x 1080 pixel
resolution, 8 wm pixel pitch) that is placed between the microscope lens and the
tube lens and a standard cube beam splitter (20 mm cube size) allows the reflective
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Flg. 6.9 Picture of the _ . ¥ . _ S REFLECTIV
experimental setup for ! -
quantitative phase imaging by
using an SLM in a reflective
configuration

configuration. The SLM is connected to a computer where the different lenses are
generated and sent to the SLM by displaying them in a figure that is transferred to
the SLM. Matlab software is used to manage the whole process and for performing
the required digital image processing. Two linear polarizers, one before the input
sample and the other after the SLM, allow high-efficiency phase modulation in the
SLM. Additional neutral density filters (not visible in the picture) are used to adjust
the beam laser power.

Figure 6.10 shows the set of nine direct images recorded by the CCD when
varying the SLM lens power in a similar way that Fig. 6.3 is for the USAF test
case. Figure 6.11 shows the same set of images once the magnification and lateral
displacement are compensated. Since the lenses displayed at the SLM are the same
ones used in the USAF test case, the values obtained when studying the USAF
case are applied in the sperm cell biosample case. Finally and for clarity, Fig. 6.12
magnifies the images corresponding to Fig. 6.11e, i. We can see as different sperm
cells appear in focus, and since the sample is essentially a phase object, the cells
appear invisible in conventional bright field imaging mode.

Then, we perform phase extraction iteration considering the whole set of nine
images of the input sample (Fig. 6.11). In this case, the iteration cycle is repeated
15 times. The obtained results (real part and phase distribution) are depicted in
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Fig. 6.10 Raw direct images of the sperm cell biosample obtained when varying the power of the
lens displayed at the SLM

Fig. 6.11 Image compensation for magnification and lateral position introduced by the lens dis-
played at the SLM for the sperm cell biosample
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Fig. 6.12 Two sections of the 3D biosample where different sperm cells are in focus

Fig. 6.13 (a and b) Real and (c and d) phase distributions of the retrieved complex amplitude
images using the proposed approach and corresponding to the sections of Fig. 6.12

Fig. 6.13. We can see the cells that are basically invisible in Fig. 6.12a, b become
now visible in Fig. 6.13a—c and b—d, respectively.

Finally, since phase distribution is related with 3D information of the sample,
we can plot a 3D representation of the unwrapped phase distribution in order to
obtain quantitative phase information of the sperm cell biosample. Figure 6.14
shows the 3D representations of both sections where the sperm cells are in focus
(Fig. 6.13c, d).
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-
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(b) i

Fig. 6.14 (a and b) Three-dimensional representations of the in-focus sperm cells unwrapped
phase distributions corresponding with Fig. 6.13c, d, respectively. Gray-level scale represents opti-
cal phase in radians

h bH b b

Now and in order to compare and validate the results obtained using the pro-
posed method, we have assembled a conventional Mach—Zehnder digital holo-
graphic microscope configuration at the laboratory, and we have compared the
results provided by both methods. In DHM experiment, the imaging arm contains
the biosample and the microscope lens, and a reference beam is inserted in off-axis
holographic configuration at the CCD plane. Off-axis holographic recording permits
the recovery of the transmitted frequency band pass by Fourier transforming the
recorded hologram and Fourier filtering of one of the hologram diffraction orders.
Once the spectral filtered distribution is centered at the Fourier domain, inverse
Fourier transformation retrieves complex amplitude imaging. Figure 6.15 shows
the 3D plots of the unwrapped phase distributions in both considered cases: (a)
corresponds to the iterated phase distribution obtained using the proposed approach
(white rectangle depicted in Fig. 6.14a) and (b) corresponds to the phase provided
by DHM. Although the cells are not the same ones in both figures, they come from
the same swine sperm biosample allowing thus direct comparison. As it can be
seen, the phase step between the background and the higher part of the sperm’s



6 Quantitative Phase Imaging in Microscopy Using a SLM 163

(a)

Fig. 6.15 Three-dimensional representations of sperm cells: (a) group of cells marked with a solid
white line rectangle in Fig. 6.14a and (b) another group of sperm cells of the same biosample
obtained with a conventional DHM configuration. Gray-level scale represents optical phase in
radians

heads is around 2.5 rad in both figures. This fact shows a high degree of correlation
between the unwrapped phase distributions provided by both methods. Note that the
background phase value of both figures has been equalized for direct comparison.
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Chapter 7
Quantitative Phase Microscopy of Biological Cell
Dynamics by Wide-Field Digital Interferometry

Natan T. Shaked, Matthew T. Rinehart, and Adam Wax

Abstract Interferometric phase measurements of wide-field images of biological
cells provide a quantitative tool for cell biology, as well as for medical diagnosis
and monitoring. Visualizing rapid dynamic cell phenomena by interferometric phase
microscopy can be performed at very fast rates of up to several thousands of full
frames per second, while retaining high resolution and contrast to enable measure-
ments of fine cellular features. With this approach, no special sample preparation,
staining, or fluorescent labeling is required, and the resulting phase profiles yield the
optical path delay profile of the cell with sub-nanometer accuracy. In spite of these
unique advantages, interferometric phase microscopy has not been widely applied
for recording the dynamic behavior of live cells compared to other traditional phase
microscopy methods such as phase contrast and differential interference contrast
(DIC) microscopy, which are label free but inherently qualitative. Recent develop-
ments in the field of interferometric phase microscopy are likely to result in a change
in this situation in the near future. Through careful consideration of the capabilities
and limitations of interferometric phase microscopy, important new contributions
in the fields of cell biology and biomedicine will be realized. This chapter presents
the current state of the art of interferometric phase microscopy of biological cell
dynamics, the open questions in this area, and specific solutions developed in our
laboratory.
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7.1 Introduction

Visualizing dynamic cell phenomena that occur at second to millisecond time
scales, such as membrane fluctuations, cell swelling, and action potential activation,
requires development of wide-field microscopy techniques that can achieve high
data acquisition rates while retaining sufficient resolution and contrast to enable
measurements of fine cellular features. Biological cells are, however, mostly trans-
parent three-dimensional objects that are very similar to their surrounding in terms
of absorbance and reflection, and thus conventional intensity-based light microscopy
techniques lack the required contrast to achieve this goal. Exogenous contrast agents
such as fluorescent dyes are frequently used to solve the contrast problem. How-
ever, fluorescent contrast agents tend to photobleach, reducing the available imag-
ing time. Other concerns include the potential for cytotoxicity and the possibility
that the agents themselves will influence cellular behavior. As an alternative, phase
microscopy can provide label-free information on cellular structure and dynamics.
Traditional phase microscopy methods, such as phase contrast (PhC) and differential
interference contrast (DIC) microscopy, are widely used today [1]. However, these
approaches are not inherently quantitative, and each method presents its own dis-
tinct imaging artifacts. On the other hand, wide-field digital interferometry (WFDI)
has the potential to provide a powerful, label-free method for quantitative phase
measurements of biological cell dynamics [2-8]. WFDI is based on measuring an
interference pattern composed of a superposition of the light field which has inter-
acted with the sample and a mutually coherent reference field. With this approach,
the entire complex wavefront describing the sample is captured. From the recorded
complex field, it is possible to digitally reconstruct the quasi-three-dimensional dis-
tribution of the sample field without the need for mechanical scanning.

Chapter 9 presents an introduction to the field of quantitative phase microscopy
of biological cells using digital interferometry, as well as reviews several specific
methods and related applications. The current chapter mainly focuses on the utility
of WFDI for quantitative phase microscopy of cell dynamics.

In practice, WFDI has been less commonly used for recording dynamic behaviors
of live cells compared to other label-free phase microscopy methods such as PhC
and DIC, in spite of its many attractive advantages. However, we believe WFDI
becomes more widely used in the near future by careful analysis of its limitations
and identification of possible solutions. Specific areas which need to be considered
are (a) time resolution — camera bandwidth consumption tradeoff; (b) phase noise,
stability, and sensitivity of the interferometric system; (¢) phase unwrapping prob-
lem; (d) lack of specificity inside cells; and (e) utilizing the visualized phase profile
for quantitative—functional analysis of the cells.

Each section in this chapter analyzes a different limitation from the list above
and its impact on imaging live biological cells. Then, various approaches for coping
with these limitations are presented in each section. Several specific experimental
demonstrations of imaging of different dynamic behaviors of live cells are presented
throughout the chapter to illustrate these points. These demonstrations include
contracting cardiomyocytes, dynamic cytology of articular chondrocyte transient
behavior, microscopic unicellular organism movement, and neuronal dynamics.
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7.2 Time Resolution — Camera Bandwidth Consumption Tradeoff

WEDI is based on recording an interference pattern by a digital camera. This inter-
ference pattern is composed of light that has interacted with a sample and a mutually
coherent light field that is derived directly from the light source, typically without
interacting with the sample. With this approach, the complex sample field, which
includes the phase profile of the sample, is recorded by the camera, even though
the camera is only sensitive to intensity. The problem with this approach is that
the intensity interferometric signal contains unwanted zero-order and twin image
diffracted waves, in addition to the desired complex sample field. In order to extract
the sample phase profile, these unwanted components must be eliminated during
the digital processing stage. Off-axis interferometry [9-17] deals with this problem
by imposing a large angle between the reference and the sample beams, creating a
spatial separation between the desired and the undesired field components. How-
ever, this approach comes at the expense of ineffective use of the camera spatial
frequency bandwidth, which means that high spatial frequencies (or alternatively the
captured field of view (FOV)) of the sample might be reduced or lost entirely. When
acquiring the phase profiles of dynamic biological samples, the requirement for the
digital camera frame rate might be demanding, especially when one considers that
high frame rates are frequently obtained by reducing the number of camera pixels
per frame, which further narrows the camera spatial bandwidth. Thus, when camera
bandwidth is intentionally limited in order to obtain high frame rates (e.g., by pixel
binning in the camera hardware level), camera bandwidth consumption is an impor-
tant consideration. Therefore, even though traditional off-axis interferometry only
requires a single exposure for acquiring the sample field, it might not always be the
best choice for recording cell dynamics due to the fact that it does not effectively
use the camera spatial bandwidth.

An alternative approach to off-axis interferometry which more effectively uses
the camera spatial bandwidth is on-axis interferometry [18-26]. In this approach,
the angle between the sample and the reference beams is set to zero. This results
in a required camera bandwidth that is the same as that needed for acquiring the
sample intensity image alone; however, this approach also causes the undesired
diffracted waves to occlude the desired sample field. The traditional solution to this
problem is to acquire three or four on-axis, phase-shifted interferograms of the same
sample and to digitally separate the sample field through signal processing using all
acquired interferograms. This approach may not be practical for dynamic processes,
where the sample may change between the several frames of acquisition. In addition,
phase noise may increase due to system fluctuations between the frames [27].

Hence, there is a clear tradeoff between time resolution and camera spatial band-
width, and both approaches, on-axis interferometry and off-axis interferometry,
have their own disadvantages for phase microscopy of cell dynamics. These dis-
advantages have to be carefully considered when designing a WFDI system for this
purpose. Finding the optimal working point, in which time resolution and camera
bandwidth consumption are optimized, is a requirement for rapid phase imaging.
The next two sections present two approaches developed in our laboratory for opti-
mizing time resolution and camera bandwidth consumption in WFDI.
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7.2.1 Slightly Off-Axis Interferometry (SOFFI)

In [28], we introduced the slightly off-axis interferometry (SOFFI) technique for
measuring dynamic processes. This method does not require separate measurements
of the reference or sample fields, as required in on-axis interferometry. Furthermore,
it does not require a detector with as much spatial frequency bandwidth as that
needed for traditional off-axis interferometry. This method is, in fact, an intermedi-
ate solution between on-axis and off-axis interferometry. In the proposed method,
the sample phase is obtained by using only two slightly off-axis phase-shifted inter-
ferograms, without the need for additional off-line measurements or estimations,
and a simple digital process that can be implemented in real time. We first introduce
this digital process mathematically; then we explain the conditions of the angular
separation between the reference and the sample beams, as well as propose an opti-
cal system for implementing this approach.

As stated above, according to the SOFFI approach, only two slightly off-axis
interferograms Iy, k = 1, 2, are acquired. These interferograms can be mathemati-
cally expressed as follows:

Iy = |Ec|* + | Es|* + |Es| |E}| explj (doBy + gx + o)1 + | El | E¥|
X exp[—j(doBs + gx + k)] (7.1

where E; and E, are the reference and sample field distributions, respectively, ¢popj
is the spatially varying phase associated with the object, g is the fringe frequency
due to the angular shift between the sample and the reference fields, x is the direc-
tion of the angular shift (assuming straight fringes), and «; = 0, ao = B define a
phase shift which is intentionally induced between the interferograms by the use of
wave plates. From (7.1), it can be seen that incorrect estimation of 8 or ¢ will add
constant or modulated phase errors to the calculated object phase profile. Thus, even
though ¢ and B can be measured or calculated in advance, we propose to measure
these parameters digitally after each frame of acquisition. By doing this, the method
avoids variations in these parameters that might occur across repeated measurements
of a dynamic process. Assuming a horizontal fringe pattern, these parameters can
be calculated by summing the fringe pattern columns and fitting the resulting vector
to a sine wave. In practice, this process allows us to find ¢ and 8 with high enough
accuracy to prevent degradation of the phase modulation induced by the sample.

Once the two interferograms have been acquired, they can be digitally processed
to recover the recorded sample’s wrapped phase distribution as follows:

exp(—jgx)

F=[11—12+J"HT{11_12}]'m 72

$opy = arctan {ImF /ReF}

where HT denotes a Hilbert transform.
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The spatial frequency representation of each of the two interferograms includes
two autocorrelation terms (ACTs), both located at the origin of the spatial frequency
domain, and two crosscorrelation terms (CCTs), each located on a different side
of the spatial frequency domain. Assuming that the CCTs are spatially separated,
(7.2) first isolates the positive-frequency CCT from both ACTs and the negative-
frequency CCT. To explain this, let us also recall that the Fourier transform (FT) of a
HT of a signal g obeys the following rule: FT{HT{g}}(w) = —j-sign(w)-FT{g}(w),
where sign(w) is the signum function applied to the frequency axis w. There-
fore, multiplying the imaginary unit j by the Hilbert transform of each interfero-
gram negates the negative frequencies (including the negative-frequency CCT and
the negative-frequency half of the ACTs), while leaving the positive frequencies
untouched (including the positive-frequency CCT and the positive-frequency half
of the ACTs). Thus, by taking Iy + j-HT {I;} , k = 1, 2, we have twice the positive-
frequency CCT and twice the positive-frequency half of the ACTs. Then, by the
subtraction of Iy + j - HT{I;} and I + j - HT {I} (where I; and I, are phase
shifted), the ACT parts left are eliminated as well.

Next, (7.2) centers the remaining positive-frequency CCT at the origin of the
spatial frequency domain by multiplication with exp(—jgx). The arctan function in
(7.2) yields the wrapped phase profile of the object, and an unwrapping algorithm, as
reviewed in Sect. 7.4, is then used on (Z)OBJ to remove 2 phase ambiguities, yielding
¢opJ- To compensate for stationary phase aberrations [29], it is recommended to
subtract a reference phase image with no sample present. This can be achieved by
capturing an additional pair of interferograms off-line, before recording the dynamic
process and without the presence of the sample and calculating the object phase
according to the procedure described above. Then, this sample-less phase image
can be subtracted from the real-time sample object phase images to obtain the final
object phase image.

To illustrate the advantage of the proposed approach, we theoretically compare
the spatial frequency spectra of three methods: traditional off-axis interferome-
try, SOFFI, and traditional on-axis interferometry. These spectra are illustrated in
Fig. 7.1, where for simplicity only one spatial frequency axis is shown. In all cases
the ACTs, located around the origin of the spatial spectrum, are composed of the
reference-field ACT and the sample-field ACT. Let us assume that the reference is a
constant plane wave over the camera illumination area. Then, the total width of the
ACTs is solely dominated by the spatial frequency bandwidth of the sample-field
ACT, given by four times the highest spatial frequency wq of the object, as imaged

FT(/,) AFT([) AFT(1)
ACTs ACTs ACTs
ceT-1
ceT -1 CCT +1 ccT-1 %'«1 %ﬁhﬂ& cCT +1
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Fig. 7.1 Schematic comparison between the spatial frequency domains of (a) off-axis interferom-
etry, (b) SOFFI, and (c¢) on-axis interferometry. For simplicity, only one spatial frequency axis is
shown
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on the camera. In comparison, the width of each CCT is only 2wp. As shown in
Fig. 7.1a, traditional off-axis interferometry requires that the angle between the
reference and the object beams is large enough to cause a complete separation of
the CCTs from the ACTs. This occurs when ¢ > 3wy, resulting in a highest spatial
frequency bandwidth of at least 4wq. Note that wg can be experimentally measured
a single time before recording the dynamics of the object of interest, under the
reasonable assumption that this bandwidth stays constant during the multiple mea-
surements of the object. Alternatively, for biological cell microscopy, wy is usually
inversely proportional to the diffraction-limited spot of the optics used for imaging.

For SOFFI, the CCTs should not overlap, but an overlap of the ACTs with each
of the CCTs is allowed. As shown in Fig. 7.1b, this occurs if ¢ = wg. Therefore,
the highest spatial frequency needed per exposure is only 2w, half of that needed
in traditional off-axis interferometry. Thus, when the maximum fringe frequency
allowed by the camera does not create enough separation between the ACTs and
the CCTs, an advantage can be gained by acquiring two off-axis interferograms
using the SOFFI mathematical process described by (7.2), instead of using a single
off-axis interferogram.

In the case of on-axis interferometry, shown in Fig. 7.1c, all CCTs and ACTs are
centered at the origin. Therefore, the highest spatial frequency per exposure that is
necessary is only wg. However, in this case three or four interferograms (depending
on the technique chosen) are typically required to fully eliminate both ACTs and
one of the CCTs.

For observing dynamic processes, if more than one interferogram is needed
(on-axis interferometry and SOFFI), it is better to acquire the data with as few
measurements as possible to minimize reconstruction errors and data acquisition
times. In this aspect, SOFFI is superior to on-axis interferometry. In addition, tradi-
tional on-axis interferometry requires strict control of the phase shifts between the
interferograms since slight variations can introduce an error in the reconstruction
[27]. SOFFI avoids this type of error by digitally measuring the exact phase shift
between the interferograms after the acquisition of each sample image by fitting the
background fringe pattern in each interferogram to sine waves, as explained above.

To experimentally demonstrate the proposed method, we have constructed the
optical system shown in Fig. 7.2. This interferometric setup is capable of sequen-
tially acquiring two or more phase-shifted interferograms. Linearly polarized light
from a coherent laser source is split into reference and sample beams using a modi-
fied Mach—Zehnder interferometer. To image the phase and amplitude information,
lenses L; and L3, as well as lenses L, and L3, are positioned in 4f configurations.
By varying the orientations of the two wave plates positioned in the reference arm,
different phase shifts between the interferograms generated on the camera can be
created [30]. Other phase-shifting configurations, such as the one presented in [31],
are also possible for implementing this method.

Using the optical system shown in Fig. 7.2, we have performed two sets of exper-
iments. In the first set of experiments, a static, water-immersed polystyrene micro-
sphere (Duke Scientific Corporation; 12 pm diameter) on a microscope coverslip
was used as the sample. Figure 7.3a demonstrates the low visibility of a simple
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Fig. 7.2 Possible experimental setup for phase-shifting interferometry (sequential acquisition).
SPF = spatial filter (beam expander including a confocally positioned pinhole); BS|, BS; = beam
splitters; M = mirror; A/2 = half wave plate; A /4 = quarter wave plate; O = object/sample; L1,
L,, L3 = lenses [28]

Fig. 7.3 Static polymer microsphere (12 um in diameter): (a) Regular intensity image through
the system; (b) single off-axis interferogram; (c¢) the middle part of the spatial spectrum of this
interferogram. Digitally reconstructed phase obtained by (d—f) traditional off-axis interferometry
(using a single interferogram), (g—i) SOFFI (using two phase-shifted interferograms), and (j-1)
on-axis interferometry (using four phase-shifted interferograms). (d, g, j) Wrapped phase; (e, h, k)
final unwrapped phase; (f, i, 1) surface plot of the final unwrapped phase presented in (e, h, k),
respectively [28]

intensity image of the sample. Phase reconstructions using off-axis, slightly off-
axis, and on-axis geometries were executed. For the off-axis case, the best spatial
resolution can be achieved when the fringe frequency on the camera is set to match
the maximum fringe frequency allowed in this demonstration with the resulting
interferogram shown in Fig. 7.3b. However, as shown in the spatial frequency spec-
trum of the interferogram (Fig. 7.3c), this fringe frequency was not high enough to
separate the ACTs and CCTs. Figure 7.3d shows the corresponding reconstructed
wrapped phase, and Fig. 7.3e, f shows the final unwrapped phase, demonstrating the
low-quality images obtained by traditional off-axis interferometry under a restricted
detector spatial frequency bandwidth.

To demonstrate the utility of SOFFI, another interferogram was acquired with the
same fringe frequency but with a 90° phase shift introduced by rotating the quarter
wave plate (see Fig. 7.1). The two interferograms were processed according to (7.2),
yielding the wrapped phase shown in Fig. 7.3g and the unwrapped phase shown
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in Fig. 7.3h, i, demonstrating the improvement that was obtained by the SOFFI
technique. For comparison, four on-axis interferograms (with phase shifts of 0°, 90°,
180°, and 270°) were obtained by varying the relative orientations of the half wave
plate and the quarter wave plate [30], with the reconstructed wrapped phase shown
in Fig. 7.3j and the corresponding unwrapped phase shown in Fig. 7.3k, 1. From the
smoothness of the shape and the flatness of the background, the traditional on-axis
technique was performed comparably to the SOFFI technique, although it required
twice as many image acquisitions. To quantify these results, fitting Fig. 7.3f, i, and
I to a simulated phase profile of the microsphere with a flat background yielded
root-squared-value accuracies of 91% for off-axis, 98% for slightly off-axis, and
99% for on-axis, respectively.

In the second set of experiments, we visualized a human skin cancer cell (A431,
epithelial carcinoma) in growth media. The direct image of this sample through the
optical system is shown in Fig. 7.4a. A single off-axis interferogram of the sam-
ple and its spatial frequency domain representation are shown in Fig. 7.4b and c,
respectively, where again there was not enough separation between the ACTs and
the CCTs, and thus the final unwrapped phase (Fig. 7.4d, g) is highly degraded. For
the SOFFI case, an additional phase-shifted interferogram of the same sample was
acquired. Both interferograms were processed according to (7.2), and an unwrap-
ping algorithm was applied to the result, yielding the final unwrapped phase shown
in Fig. 7.4e, h. Again, from observing the flatness of the background and the texture
of the cell, it can be seen that substantial improvement is obtained by the SOFFI
approach compared to the traditional off-axis approach.

For comparison, four on-axis interferograms, each phase shifted by 90°, were
acquired for the same sample. However, for cancer cells in growth media, the final
unwrapped phase for the on-axis case (Fig. 7.4f, i) was worse compared to the
slightly off-axis case (Fig. 7.4e, h), especially at the cell boundaries. One cause
for the degraded image in Fig. 7.4f, i was sample motion due to vibrations and
Brownian motion of the cell media. Consequently, it was much harder to obtain the
accurate phase shifts required for the traditional on-axis case. On the other hand, for

Fig. 7.4 Live human skin cancer (A431, epithelial carcinoma) cell in growth media: (a) Regular
intensity image through the system; (b) single off-axis interferogram; (c) the middle part of the
spatial spectrum of this interferogram. Final unwrapped phase obtained by (d) traditional off-axis
interferometry (using a single interferogram), (e) SOFFI (using two phase-shifted interferograms),
and (f) on-axis interferometry (using four phase-shifted interferograms); (g—i) surface plots corre-
sponding to (d—f), respectively; and (j-1) MTF images of the background of (d—f), respectively [28]
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the slightly off-axis case, the exact phase shifts were easily found by digitally fitting
the background fringes to sine waves, and thus temporal phase shift errors were
minimized. In addition, SOFFI required only two measurements, rather than four,
which made the phase profile less vulnerable to sample changes arising from motion
between measurements and resulted in a higher image throughput. To quantify the
improvement of the proposed method for the cell measurement as well, Fig. 7.4j-1
shows the modulation transfer function (MTF) of the image background (simply
growth media with no cell present) of Fig. 7.4d—f, respectively. Excluding the zero-
order point at the center, the half-power bandwidth in the vertical dimension for the
slightly off-axis case is 0.31 and 0.34 of that for the two other cases. The fact that the
slightly off-axis MTF (Fig. 7.4k) is narrower than in the two other cases indicates a
flatter background and consequently produces a smoother overall phase profile for
the SOFFI case.

7.2.2 Parallel On-Axis Interferometry (PONI)

In [7], we presented an optical setup that could acquire two slightly off-axis phase-
shifted interferograms in a single camera exposure, using the same HT-based digi-
tal processing elaborated in the previous subsection. This method avoids temporal
phase noise that can arise between successive phase-shifted frames.

Experimental results from this system are shown in Fig. 7.5. The phase imag-
ing of a live human cancer cell and a beating rat myocardial cell (cardiomyocyte)
demonstrate that sub-nanometer optical path delay stability can be obtained at
millisecond time scales when acquiring the two phase-shifted interferograms in
parallel.
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Fig. 7.5 (a—e) WFDI quantitative phase microscopy of human breast cancer (MDA-MB-468) cell
in growth media: (a) Intensity image through the system (low visibility); (b) two phase-shifted
interferograms of the sample captured in a single camera exposure; (c) final unwrapped phase
profile; (d) surface plot of the phase profile shown in (c); (e) temporal phase stability without the
sample and with the sample in the three points marked in (c); and (f) the final unwrapped phase
profile of a rat beating myocardial cell (Video 1) [7]
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In [32], a similar parallel optical system was used to acquire two on-axis inter-
ferograms in a single camera exposure, which is more advantageous in the detec-
tor bandwidth consumption than traditional approaches. As explained above, the
bandwidth consumption of a single on-axis hologram is the same as that needed
for capturing the intensity image of the sample. However, traditionally on-axis
interferometry requires at least three interferograms to separate the wanted CCT
from the unwanted CCT and ACTs. Alternative methods for acquiring three or
four on-axis interferograms in a single camera exposure have been proposed (e.g.,
[20, 21] and others). However, since at least three interferograms are needed by
these methods, the camera bandwidth is still not utilized optimally. Two-step on-
axis WFDI, in which two (rather than three) on-axis interferograms are required,
has been suggested in [19]. However, this technique requires off-line measurements
of both the reference and the sample fields, which may be unsuitable for acquir-
ing dynamic processes. Meng et al. [22] have suggested a two-step phase-shifting
on-axis WEFDI approach that requires only two interferograms and an off-line ref-
erence wave intensity measurement. Awatsuji et al. [24] have demonstrated how
to parallelize this technique for non-biological, non-microscopic, and amplitude
objects.

In [32], we proposed a parallel two-step on-axis WFDI method [32], called paral-
lel on-axis interferometry (PONI), which is suitable for measuring the quantitative
phase profile of cell dynamics since only a single exposure is required for each
interferometric measurement of the dynamic process. The PONI method is more
cost-effective in utilizing the camera bandwidth than off-axis interferometry, max-
imizing the amount of spatial information that can be captured from the sample,
given a finite spatial camera bandwidth. Figure 7.6 shows the PONI scheme. The
system is composed of a modified Mach—Zehnder interferometer, followed by an
image/polarization splitter. A 45° linearly polarized laser light is splitted by beam
splitter BS; into two beams. One beam is transmitted through the biological sample
and magnified by the microscope objective. The other beam serves as a reference
beam and is transmitted through a quarter wave plate, creating circular polarization,
and then magnified by a similar objective lens. The beams are combined by beam
splitter BS,, where there is no angular offset between the beams. Lens Ly is in a 4f

M N M
45° o BS;
o M4 wo\ L,
Digital
M ¢ Mo o Camera
BS,

Fig. 7.6 PONI microscope for quantitative phase measurements of live cell and microorganism
dynamics. BS|, BSy = beam splitters; M = mirror; A/4 = quarter wave plate; S = sample;
A = rectangular aperture; MO = microscope objective; Lo, Lj, Ly, = lenses; WP = Wollaston
prism [32]
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configuration with both microscope objectives, imaging the phase and amplitude
of the sample field in the aperture plane (A). This rectangular aperture ensures
that only half of the digital camera plane is illuminated by each interferogram.
The image/polarization splitter, lying beyond the aperture, includes an additional 4f
subsystem that images the field at the aperture plane onto the camera sensor. A Wol-
laston prism, positioned in the confocal plane of lenses L; and L, is used to split
the beam into two perpendicularly polarized beams. These two beams create two
on-axis interferograms at the camera, phase shifted by 90° compared to each other.

The two 90° phase-shifted on-axis interferograms, which are acquired in a single
camera exposure, can be mathematically expressed as follows:

I = IR + Is + 2+/IrIs cos (¢oBy + ¢c)

. 7.3
I = Ig + Is + 2/1Ir1s sin (¢oy + ¢¢) (73)

where Ir and Ig are the reference and sample intensity distributions, respectively;
¢dopy is the spatially varying phase of the sample; and ¢¢ is the spatially varying
background phase, without the presence of the sample. Let us define Iy = Ir + Is
and the overall phase as ¢ = ¢opy + ¢c. From (7.3), we get 2/IxIscos ¢ =
I — Iy and 2/IjIssing = I, — Iy. Using the following trigonometric relation
cos? ¢ + sin? ¢ = 1, we get the following quadratic equation:

215 =200l + I+ 2IR) + (I} + 15 + 4Ir*) =0 (7.4)

This quadratic equation yields the following solutions for Io:

I+ b 2 [+ D+ 200)% = 202 + B +41)
Iy =
2

(7.5)

It can be shown that if the reference field is strong enough compared to the sam-
ple field, the negative sign in (7.5) should always be chosen [22, 23] and thus Iy can
be found.

Note that in (7.5) Ip can be obtained without direct knowledge of the sample
intensity Ig, and thus this procedure is valid even if /5 changes during observation
of the dynamic process. The only a priori knowledge that is needed is an off-line
measurement of the reference intensity /r, which is assumed to stay constant during
the observation period. The dynamic process measurements are then acquired by
recording of two 90° phase-shifted on-axis interferograms (11, I2), using the system
illustrated in Fig. 7.6.

In practice, the phase retrieval procedure should include a stationary phase-
referencing step where the background phase is measured. The complete phase
retrieval procedure is defined as follows. In the first step, three off-line measure-
ments are taken without the presence of the sample: the sample arm intensity 1§, the
reference arm intensity I}, and two interferograms (/ 1/ 12’). Using these data, the

wrapped background phase ¢¢ can be calculated as follows:
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F=[(I{-I§— 1) +j(ly— 1§ —I§)]/\/Ik: éc = arctan(Im F'/Re F’)
(7.6)

Then, an unwrapping algorithm, as reviewed in Sect. 7.4, is applied to solve 27
ambiguities in ¢¢, which yields ¢c.

During the recording of sample dynamics and at each sample observation time
point, a pair of interferograms (/1, 1) is continuously recorded, where each pair is
recorded in a single camera exposure. The overall wrapped phase is calculated as
follows:

F=[(I1—1Ip)+j(— 1] /VIr; @ = arctan(Im F/Re F) (7.7)

where I = I and thus it is already known, and Iy is calculated by (7.5). An
unwrapping algorithm, as reviewed in Sect. 7.4, is applied to solve 27 ambiguities
in ¢, which yields ¢. Finally, the sample phase is calculated as follows:

$oBI = ¢ — ¢c (7.8)

Since the information for each observation of the sample is acquired in a single
camera exposure, the method itself is not limited to the rate in which the dynamic
process changes, and the only limiting factor here is the true frame rate of the digital
camera used.

As illustrated in Fig. 7.2a, the requirement for the spatial frequency separation
for an off-axis image interferogram causes the highest spatial frequency required
on the camera to be four times the highest frequency of the sample wp. Despite
this disadvantage, off-axis interferometry is considered as the leading technique
for interferometric recording of dynamic processes, since the required information
can be acquired in a single camera exposure. In the on-axis geometry, on the other
hand, there is no angle between the reference and the sample beams, and thus the
camera bandwidth consumption is more effective since all four terms are centered
at the origin of the spatial frequency domain (Fig. 7.2c). However, the problem
of separating the desired terms from the unwanted terms is solved by acquiring
multiple phase-shifted interferograms of the same sample. If these interferograms
are acquired in sequence, the sample or the system noise might change during the
acquisition time points.

Projecting several phase-shifted on-axis interferograms on the same camera can
be used to overcome this drawback. However, since three or four phase-shifted inter-
ferograms are needed in the traditional on-axis approaches, the highest spatial fre-
quency required from the camera is equivalent to at least 3wq or 4wy, respectively. In
the proposed PONI method, only two phase-shifted interferograms acquired simul-
taneously, and therefore the highest frequency on camera is equivalent to 2w, half
of that required for the off-axis case.

To experimentally demonstrate the PONI method, we have implemented the opti-
cal system shown in Fig. 7.6. For comparison purposes, we have also implemented a
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typical off-axis setup within the same system. This was accomplished by removing
the wave plate and Wollaston prism (see Fig. 7.6), inducing a large angle between
the reference and the sample beams, changing lens L, to another lens with a double
focal length, and shifting the camera accordingly to retain the 4f configuration of
lenses Ly and Lj. The replacement of lens Ly, which results in a doubling of the
total magnification of the optical system, allows full utilization of the digital camera
imaging area, since for the off-axis case only one interferogram is needed. To make
this comparison valid, the same sample focus conditions were kept, and for the
off-axis case, the angle between the reference and the sample beams was made large
enough to take advantage of the full available camera spatial bandwidth.

We have first experimentally demonstrated the PONI method by imaging a fixed
rat hippocampal neuron in phosphate-buffered saline (PBS). This sample was cho-
sen since it contains small spatial details outside of the cell body, the neuronal axons
and the dendrites. Figure 7.7a shows two 90° phase-shifted on-axis interferograms
of the neuron acquired in a single camera exposure. Figure 7.7b shows the phase
profile of this neuron, obtained by processing the two interferograms shown in
Fig. 7.7a according to the digital process explained above. Figure 7.7c shows the
phase profile obtained by the off-axis technique. Despite the fact that this phase
image is double in size (since in the off-axis case the entire sensor area is used for
each interferogram), there is a loss of spatial resolution compared to the proposed
method (Fig. 7.7b).

For the second experimental demonstration of the PONI method, we have imaged
the dynamics of Euglena gracilis, a unicellular protist, in water as the sample. This
sample was chosen due to the fine details of the euglena’s flagellum, the thin tail
used for propulsion, which is located outside the euglena body. The thin flagellum

Phase
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Fig. 7.7 Rat hippocampal neuron: (a) Two phase-shifted on-axis interferograms acquired in a
single camera exposure; (b) unwrapped phase profile obtained by the suggested parallel on-axis
method, 33x magnification, no binning; (c¢) unwrapped phase profile obtained by the traditional
off-axis method, 66x magnification, 2x vertical binning. The white scale bars indicates 5 pm.
Phase color bar is valid for both (b) and (¢). In spite of being half the size compared to (c), finer
details can be detected in (b) compared to (¢). Red arrows in (b) indicate two examples for that [32]
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Fig. 7.8 Upper part of
Euglena gracilis (a
unicellular protist). (a)
Unwrapped phase profile
obtained by the suggested
parallel on-axis method, 33 x
magnification, 2x2 binning
(dynamic behavior: Video 2);
(b) unwrapped phase profile
obtained by the traditional
off-axis method, 66 x
magnification, 4 x2 binning
(dynamic behavior: Video 3).
The white scale bars
indicates 10 wm. Phase color
bar is valid for both (a)

and (b) [32]

of the euglena moves at the millisecond time scale and thus should be observed with
a WEFDI technique that loses neither spatial nor time resolution. The final phase
images are shown in Fig. 7.8a, b for the proposed on-axis and for the traditional
off-axis methods, respectively. The flagellum dynamics are presented in Video 2
and Video 3, demonstrating the high temporal acquisition rate, as well as the spatial
resolution improvement obtained by the proposed method compared to the tradi-
tional off-axis case.

Using the PONI approach, it is possible to optimize the consumption of the spa-
tial bandwidth of the camera (number of pixels required for each camera exposure),
while not sacrificing time resolution by acquiring the required information in a sin-
gle exposure.

7.2.3 SOFFI Versus PONI

Compared to the SOFFI approach, presented in Sect. 7.2.1, the PONI approach,
presented in Sect. 7.2.2, consumes the same camera spatial bandwidth per frame.
However, temporal resolution is superior to the PONI approach since only one cam-
era exposure, rather than two, is needed to acquire the required information. Thus,
the PONI approach is more suitable for observing rapid dynamic processes.

On the other hand, the PONI approach requires additional off-line measurements
which are not needed with the SOFFI approach, including the reference field inten-
sity. The assumption in the PONI approach is that reference field does not change
during the dynamic process (including its noise characteristics), which might not be
valid for all types of measurements (practically for those with low signal-to-noise
ratio). In addition, when using the PONI approach, one has to assume that the refer-
ence field intensity is large compared to the sample field.

Another inherent disadvantage of the PONI approach is that it requires equal-
ization of intensity variations and accurate digital image registration when dividing
the single camera image into two different digital interferograms. These problems
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are avoided when using the SOFFI approach, but come at the cost of sacrificing
temporal resolution since two exposures per sample observation are needed.

7.3 Phase Noise and Stability and Sensitivity
of the Interferometric System

Interferometric optical systems typically contain beam splitters that divide the beam
into reference and sample arms and then combine these two beams at the detector to
generate interference patterns. The two beams usually pass through different paths
and thus experience different environmental influences, giving rise to noise features.
For example, air perturbations can be different in the sample and reference arm paths
causing differential noise. Furthermore, this noise might change temporally, which
negates the possibility of measuring it off-line prior to the recording period in an
effort to cancel it later via subtraction. Speckle noise, laser power stability, detector
noise, and mechanical stability of the optical system are additional problems that
can arise when imaging dynamic processes by WFDI. In addition, when imaging
fast dynamic phenomena, the camera exposure time might need to be required to be
short, yielding low intensities at the detector plane and a low phase profile signal-
to-noise ratio (SNR). It is not always possible to simply increase the laser power
to solve this problem since this might induce damage to the biological sample. The
goal is thus to design the interferometric system so that the signal level will always
be kept above the noise level.

Various papers have analyzed different noise factors that are relevant for digital
interferometry. For example, Charriere et al. [33] analyzed the influence of shot
noise on phase imaging SNR in the framework of digital holographic microscopy.
Using a framework based upon statistical decision theory, the SNR of an arbitrary
phase image can be calculated; however, this requires knowledge of an ideal image
signal in order to assess the difference between the reconstructed image signal and
the ideal signal. Although this method is suitable for simulations where the image
signal is known beforehand, it is almost impossible to determine the ideal image sig-
nal for a real measurement, especially for biological samples. Therefore, Charriere
et al. also defined the SNR of the hologram as the intensity of the interference cross-
terms over the summed intensity of the reference and object waves. After establish-
ing a theoretically based, shot noise-limited SNR expression, plots of the SNR at
various reference/signal intensity ratios as well as varying total collected photon
counts were compared. The approach was validated experimentally by analysis of a
holographically imaged quartz—chrome binary grating that was reconstructed with
varying ratios of reference and signal intensities.

A further study by Charriere et al. [34] examined the influence of shot noise on
phase measurement accuracy. Recognizing that there is no precise and universally
acknowledged method for quantifying phase accuracy, this group defines a param-
eter based on the standard deviation (STD) of the phase profile across a region of
interest obtained by subtracting 10 averaged blank phase profiles from an individual
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blank phase profile. In this configuration, static optical aberrations and misalign-
ment errors are removed. To characterize quantization error, perfect holograms were
quantized to levels ranging from 1 to 16 bits. The resulting SNR in reconstruc-
tion was measured using the STD method. As expected, the graphs of phase STD
appear to be inversely proportional to the bit depth used. SNR measurements of
holograms with simulated shot noise showed a plateau at quantization levels above
6 bits. Therefore, the experimental effects of quantization are disregarded in further
characterization of shot noise influence on SNR. Simulations that include shot noise
ranging from photon counts of 10°—10* show an inversely proportional relationship
between the photon count and the phase measurement STD. At a level of 100 pho-
tons per pixel, the phase accuracy is limited to ~ 2.25°, while at 10* photons/pixel,
the shot noise-limited phase accuracy is ~ 0.25°.

Brophy [27] describes the relationship between intensity error and phase vari-
ance in phase-shifting interferometry. Brophy’s statistical treatment of noise sources
yields an expression for phase variance based on the degree of correlation between
intensity errors. Intensity error in this context can be any variation of the mea-
sured intensity at a single point from the expected measured intensity. The meth-
ods developed can be used to model both correlated and uncorrelated sources of
noise, including shot noise, thermal noise, quantization error, temporal noise due
to vibrations, temporal laser intensity noise, etc. In this paper, Brophy primar-
ily examines two interesting cases: uncorrelated noise with equal variance from
frame to frame and intensity quantization error with specific structure of correlation
between images. In phase-shifting interferometry, multiple projections with specific
phase shifts are summed in different combinations to produce x-axis and y-axis
projections in phase space in order to compute the phase at each point by taking
the arctangent of the constructed argument (y-axis projection over x-axis projec-
tion). Using a Taylor expansion of the phase, the variance is approximated by an
expression that is dependent on the structure of phase image combinations used to
construct the argument and also the phase at which the phase error is measured. It is
particularly useful to examine the phase error averaged over all possible phases, as
noise sources commonly have random phase. In the case of uncorrelated intensity
noise that changes approximately uniformly from frame to frame, the average phase
variance becomes proportional to the relative variance of the modulated portion
of the intensity. An increase in the number of frames, N, used by a given phase-
shifting algorithm results in a proportional decrease in phase variance of ~ 1/N,
which is expected for statistically uncorrelated noise sources. Brophy next exam-
ines quantization error to demonstrate the effects of intensity noise with structured
correlation between frames. In 90° four-step phase-shifting algorithms, the quanti-
zation error of every fourth frame is positively correlated and every second frame
is negatively correlated. Successive frames are taken to have no correlation when
averaged over a small region of the phase. Using these correlation assumptions,
the phase variance is found to be approximately proportional to 1/3Q?, where Q
is the number of quantization levels, and the factor of 3 is specific to 90° phase-
shifting algorithms. While the quantization error is not dependent on the number
of frames, choosing a phase step other than 90° will change the scaling factor. For
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example, choosing a step that yields less phase space symmetry and thus less over-
all correlation between frames will decrease the variance for a given quantization
level.

When considering sequential phase-shifting interferometry, specifically for
recording dynamic processes, vibrations play an important role in the noise char-
acteristics. Phase-shifting interferometry is typically performed in the time domain
by physically shifting the phase of the reference field by carefully controlled incre-
ments. These systems tend to suffer from noise introduced by mechanical vibrations
that differ from system to system. de Groot [35] developed a transfer function that
can be applied to a system with a well-characterized complex noise spectrum to
determine the maximum phase error due to vibrations and also the typical perfor-
mance of an instrument in the presence of uncorrelated and randomly phased vibra-
tions. This analysis primarily shows that different methods of phase shifting can
be applied to a system with a characteristic vibration spectrum in order to reduce
the magnitude of phase error. This is a particularly useful result for applications of
repeated static object testing. A more recent study [36] makes use of active feedback
in the form of a piezoelectric modulator that is controlled by a photodiode detector
to lock the phase step of the reference arm. With this method, the phase drift of a
test sample was reduced by two orders of magnitude when actively stabilized.

Building on the error analysis presented by Brophy in [27], the effects of phase
step choice in phase-shifting interferometry are analyzed and optimized by Rem-
mersmann et al. [37] to reduce overall noise. Phase error is defined here to be the
STD of intensity fluctuations across frames. The digitization error is again recog-
nized to be independent of the object’s actual phase profile. It is shown analytically
that uncorrelated noise sources contribute the least amount of error when the phase
steps are chosen to be 277/3. Errors due to misaligned reference phase shifts are
not uncorrelated and thus are dealt with separately. Defining an expression for the
phase error in terms of the phase shift, §, and the misalignment, § — AP, reveals
two expressions for § in terms of AP that minimize the error due to misaligned
phase steps. When an upper bound on A from piezo actuators is applied, angular
steps within the range of 75-90° all increase the experimental robustness against
inaccurate phase shifting.

In live cell samples, however, vibrations in a system can propagate through the
sample growth medium (i.e., aqueous material) and even cause slight deformations
within the sample itself. Because of this, it is difficult to characterize the noise struc-
ture of a given system and subsequently tune a phase-shifting algorithm to minimize
noise levels. Therefore, it is preferable to capture all phase-shifted interferograms
in a single exposure if possible to minimize the effects of vibration in reconstruct-
ing a given phase profile. Depending on the delay between acquisition time points,
multiple acquisitions will typically result in higher variation due to vibration and
mechanical fluctuation of media perturbations.

Remmersmann et al. [37] used modified Michelson and Linnik interferometers
to experimentally examine the effects of partial coherence on phase errors. A range
of red, blue, green, and yellow LEDs, as well as a superluminescent diode (SLD),
a HeNe laser, and a laser diode are used to create holograms of the illumination
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plane wave. These experiments confirm that digitization beyond 256 levels (8
bits) does not significantly increase system performance since other noise sources
become dominant. Furthermore, phase steps of 27t /3 are confirmed to minimize the
phase error contributions from statistically uncorrelated processes. Comparing light
sources reveals the red LEDs to have a lower magnitude of noise, presumably due
to the reduction in speckle noise and multiple reflection interference (1.3° for red
LED, a 0.8° reduction in standard deviation compared to that for a HeNe laser).
The phase noise also exhibits a 1/V proportionality, where V is the fringe visibility.
Again the red LED yields the lowest phase noise in these measurements. Finally, the
dependence of contrast on phase shift speed is investigated. At higher phase-shifting
speeds, the fringe visibility for a long integration time decreases by ~10%, but does
not significantly contribute to phase error. Remmersmann et al. also examined fixed
pancreas tumor cells that were sandwiched between two glass coverslips. When
imaging with a fully coherent laser source (HeNe), circular noise rings appear as a
result of multiple reflections. These rings cause significant distortions in the final
phase images. However, the use of LED illumination results in interference patterns
and phase images that are completely free from this source of noise. This imaging
example clearly illustrates the utility of partially coherent illumination in phase-
shifting interferometry and other holographic imaging modalities.

The use of partially coherent sources in digital holography introduces a limit to
the range over which the object wave will interfere with the reference wave. This
limit in turn affects the distance over which a hologram can be propagated in digital
reconstruction. Spatial coherence function expressions are used by Dubois et al. [38]
to derive the maximum refocusing distance allowed, based on the geometry of the
presented holographic system. In spite of this limit, there are several advantages of
using an illumination scheme with partial spatial coherence that are discussed. (1)
Partially coherent illumination suppresses speckle noise. (2) While the coherence
length limits the maximum refocusing distance, any perturbations in the optical sys-
tem beyond this limit will only weakly affect the reconstruction. (3) With reduced
temporal coherence, any spurious interference arising from multiple reflections (as
is common in biological specimen imaging when multiple glass coverslips may be
present) does not contribute to the interferometric signal. Dubois’s system consists
of an incoherent LED from which light is collimated, passed through an aperture,
and magnified in order to increase spatial coherence. The choice of magnification
optics and adjustment of the aperture size govern the spatial coherence area. Thus
it is possible to adjust these elements to optimize the degree of coherence in the
imaging system. With this system, two of the three advantages of holography using
a partially coherent source are demonstrated. The high image quality obtained is
attributed to a lack of speckle noise. Computer reconstructions of the same image at
four different ranges demonstrate the loss of resolution as refocus distance increases.
It is important to note that this study examined amplitude reconstruction of images,
not phase image reconstruction. However, the sample principles can be applied to
phase imaging.

In [39], illumination with partial spatial coherence is produced for a holographic
microscope using a rotating ground glass diffuser. Moving this glass along the
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optical axis of the presented system adjusts the spot size of the laser beam on
the glass diffuser and also adjusts the average speckle size. At longer refocusing
distances, the reconstruction of holograms recorded with lower spatial coherence
has significantly reduced resolution. Examining a cross section of an onion peel
using this system reveals that the lower spatial coherence not only reduces apparent
background speckle but also reduces the amplitude of multiply reflected interference
patterns.

7.4 Phase Unwrapping Problem

Direct detection of phase by digital interferometry methods relies on the use of an
arctangent operation to calculate phase. Since the signed two-argument arctangent
function is inherently limited to a range of —m to , it is impossible to unambigu-
ously measure the phase directly using this method. As a solution, many algorithms
have been developed to detect discontinuities of 27 in phase maps and remove them
to create a smooth and slowly varying true phase profile. This process is widely
known as phase unwrapping. There are three major complications in phase unwrap-
ping: (1) Noise in wrapped phase profiles can introduce discontinuities in the true
phase profile that cause algorithms to incorrectly unwrap phase profiles; (2) any
true phase changes larger than 7 between two adjacent points break the underlying
assumption of a slowly varying phase function, which is necessary for classic two-
dimensional phase unwrapping; and (3) the computational expense of an algorithm
must be low enough to allow rapid unwrapping when working with large images
and three-dimensional data sets of time-resolved phase changes.

Various digital two-dimensional phase unwrapping algorithms have been devel-
oped with the goal of reducing the effects of these three complications. The classic
algorithms aim to minimize computational time while maximizing robustness to
noisy data [40—42]. It is also possible to unwrap phase changes over time, which is
of particular interest for applications where the absolute phase is of less interest than
the deformations produced as a result of a dynamic sample [43]. A comprehensive
overview on digital phase unwrapping algorithms including software codes can be
found in the book authored by Ghiglia and Pritt [44].

An alternative approach to post-processing digital unwrapping is to modify the
experimental setup to acquire additional information that can enable one to detect
and then correct unwrapping problems. For example, the use of two or more illu-
mination wavelengths has been proposed as an alternative approach to the unwrap-
ping digital algorithms mentioned above. This method has been demonstrated as a
highly effective tool for extending the unambiguous phase measurement range sig-
nificantly while maintaining high measurement sensitivity, by creating a synthetic
“beat” wavelength between the two illumination sources [45-52]. These multiple-
wavelength systems can be designed to acquire holograms at several wavelengths
simultaneously, which is well suited for dynamic measurements of both mechanical
and biological samples [50-52].
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Another example of an experimental approach to solving the phase unwrapping
problem involves differential low-coherence phase measurements with a disper-
sive element included in the optical scheme to introduce a quadratic term into the
phase function [53]. The obtained phase profile can then be integrated to produce
a relative height profile free from 27 ambiguities. Another approach, recently pre-
sented, measures the phase profile as a function of spectral wave number without
27 ambiguities as a means to overcome the phase unwrapping problem [54].

7.5 Lack of Specificity inside Cells

Many biological cells are at the range of 5-20 micron in thickness. Cells contain
internal organelles that might be of specific interest for medical and biomedical
studies. For example, the characteristics of the cell nucleus have been recognized as
histological markers of genetic and epigenetic changes leading to cancer [55]. How-
ever, WFDI provides whole-cell information that lacks the specificity for identifying
subcellular components. Solving this limitation can offer additional information that
is currently lacking with WFDI techniques.

One approach for addressing the inner specificity problem is to use exogenous
tags, and functionalize them to attach to cell organelles of interest, which can be
detected by WFDI. For example, Amin et al. [56] have suggested a method for
tracking microbeads that are targeted to attach to the cell surface, in order to enable
analysis of the cytoskeleton dynamics. Alternative techniques use nanoparticles
(NPs) as labeling tags. Particularly, metal NPs are considered to be attractive con-
trast agents for biomedical applications due to their biocompatibility and because
they are tunable through a broad range of wavelengths including the visible and
near-infrared regions. In addition, they do not exhibit photobleaching or cause cyto-
toxicity [57, 58] as might happen in other contrast agents such as fluorescence dyes.
In photothermal molecular imaging, the optical absorption of the NPs at their plas-
mon resonance results in a sharp temperature rise in the vicinity of the particle due
to the photothermal effect. This change of temperature leads to a variation in the
local refraction index on nanometer scales which can be detected optically [59].
Our group, in cooperation with the research group of Dr. J. Izatt, has demonstrated
a photothermal molecular-imaging interferometric system with high spatial resolu-
tion that uses immunolabeled plasmonic NPs. This optical coherence tomography
(OCT) system can obtain deeper penetration depths than that possible by regular
light microscopy and yet avoids the photobleaching or cytotoxicity concerns of other
contrast agents [60]. In the experiment, photothermal heating of gold nanospheres is
achieved by a local, selective illumination using a green laser (532 nm) to excite the
plasmonic resonance of 60 nm gold nanosphere. The local heating induced a phase
signature which was then detected using a phase-sensitive spectral domain OCT
scheme. The system could distinguish the presence of gold NPs with a measured
sensitivity of 14 ppm (weight/weight). The system was used to characterize the
epidermal growth factor receptor (EGFR) expression of different types of cultured
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cancer cells. Using plasmonic metal NPs to tag specific subcellular components
might also be possible by WFDI, as currently explored by our group. In contrast to
OCT, WEDI will provide the advantage of acquiring the three-dimensional spatial
distribution of the cells in a single camera exposure, which is more suitable for
recording fast cell dynamics than OCT, since OCT typically employs point or line
scanning.

However, any technique using exogenous tags in WEDI loses at least part of
the advantage of WFDI as being a label-free technique. This includes a potential
modification of the normal behavior of the cells during the measurement, since it
can be hard to definitively state that cellular behavior will be completely unchanged
when these exogenous tags are present.

An alternative approach to solve the specificity problem inside of cells is based on
acquiring three-dimensional spatial information using many camera exposures. This
includes topographic-based methods [61, 62], confocal scanning methods [63], and
various OCT methods (see Chap. 8). However, acquiring information across multi-
ple exposures is not inherently suitable for recording fast cell dynamics. Although
current technologies can enable high scanning and data acquisition rates that may be
suitable for acquiring images of some dynamic cell phenomena, they have inherent
temporal resolution limitations which might be critical barriers for studying certain
dynamic phenomena.

Performing digital sectioning (‘slicing’) inside of cells based on the use of digital
algorithms might also be possible for imaging certain types of cells. Brady et al. [64]
have shown that for objects that are sparse enough and are imaged with high SNR,
it is possible to reject out-of-focus haze digitally by using an iterative algorithm.
Our laboratory is now working on using a similar method for performing sectioning
inside phase objects, including several layers of cells and interiors of cells. Although
this technique may work well for certain types of cells, it is not a complete solution
to the WFDI specificity problem due to its assumption that the objects are sparsely
distributed.

To conclude, as reviewed in this section, all of the solutions to the WFDI prob-
lem of specificity inside cells described above are only partial, rather than general,
and each of them has its own disadvantages for recording fast cell dynamics. Yet,
careful selection of one of these solutions, taking into account its unique inherent
limitations, might provide a fit for particular applications.

7.6 From Phase Profiles to Quantitative—Functional Analysis

WEFDI is inherently a quantitative recording technique. However, simple quasi-
three-dimensional visualization of samples of interest need not be the end of the
investigative process. A quantitative analysis should permit extraction of numerical
parameters of merit which are useful for cell biology studies or medical diagnosis.
The phase profiles acquired with WFDI can be interpreted to provide specific infor-
mation for these purposes. When implemented as a transmission mode interferomet-
ric system, WEDI can measure optical thickness which is the multiplication between
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the index of refraction differences and the geometrical thickness. Separating these
two factors is important in contributing an incisive analysis tool. For example, local
changes in the index of refraction may occur during action potential or whenever
there is an ion flux inside the cell. Independently or not, geometrical path changes
can also occur due to movement of intracellular components. Thus, these conjugated
parameters, the index of refraction differences and the geometrical thickness, may
not be distinct when acquiring the phase profile of a dynamic cell. This fact should
be considered during the system development and especially in the subsequent data
analysis.

WEDI has been applied to examine various types of biological cells. However,
many publications in this area have focused on the development of optical inter-
ferometric methods and simply present visual phase images, rather than insightful
analysis of the images to obtain quantitative and functional information that is use-
ful for cell biology research. Contrary to this trend, Popescu et al. [4, 5, 63—68],
Kemmler et al. [69], and others have shown that digital interferometry can be used
to quantitatively analyze red blood cells, cancer cells, and kidney cells for relatively
slow cell processes.

In [8], we have used WFDI for quantitative analysis of the relatively fast dynam-
ics of chondrocytes. These are the single type of cells that compose articular car-
tilage, the connective tissue that distributes mechanical loads between bones. The
phenotypic expression and metabolic activity of these cells are strongly influenced
by shape and volume changes occurring due to mechanical and osmotic stresses
[70]. Chondrocytes are a particularly interesting model system for studying phys-
ical signal transduction and cellular injury due to their sensitivity to physiologic
changes in osmotic stress [71]. Depending on the environmental stimuli, chon-
drocyte swelling can happen within a period of several seconds, with meaningful
intermediate events that potentially occur within milliseconds [72]. Important cal-
culations that are associated with these rapid intermediate events include accurate
volume evaluation at the time of maximal swelling (e.g., just before cell rupture),
as well as dry mass calculations of single cells and cell populations in a monolayer
during swelling, where other cells and intracellular parts rapidly move across the
FOV. Label-free cell visualization of these rapid dynamic phenomena, with the goal
of obtaining quantitative and functional volumetric data, requires microscopy tech-
niques with fast three-dimensional acquisition rates that are beyond the scope of
most conventional scanning microscopy methods.

The off-axis WFDI setup shown in Fig. 7.9 was used for recording the chon-
drocyte rapid transient during swelling due to hypo-osmotic pressure. Light from a
laser source is split into reference and object beams. The object beam is transmitted
through the sample and magnified by a microscope objective. The reference beam is
transmitted through a compensating microscope objective and then combined with
the object beam at an angle. The combined beams are projected onto a digital cam-
era, creating an off-axis interferogram of the sample. As explained in Sect. 7.2.1,
a single interferogram can be used to retrieve both phase and amplitude of the
sample field, provided that there is a sufficient angle between the reference and
the object beams and that the spatial bandwidth of the detector is sufficiently wide.
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Fig. 7.9 Off-axis WFDI
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Small changes in this angle during the measurement of dynamic processes can cause
potential error in the retrieved sample field. To avoid this issue, we digitally measure
the fringe frequency g separately for each acquired interferogram (similar to what
was performed for the slightly off-axis case presented in Sect. 7.2.1, but using a
single off-axis interferogram this time). Assuming vertically aligned fringes, sum-
ming the background interference vertically around the sample yields a relatively
noise-free sine wave, which then can be digitally fit to an ideal sine wave to estimate
the ideal fringe frequency ¢g. The interferogram is multiplied by exp(jgx) to center
the useful image CCT at the origin of the spatial frequency domain. Afterward, the
remaining unwanted terms (the twin-image CCT and the two ACTs) are spatially
filtered by gradually discarding high spatial frequencies. The phase argument of the
resulting complex matrix is the wrapped phase profile of the sample field, with an
unwrapping algorithm used to remove 27 ambiguities in this profile.

We have used the system presented in Fig. 7.9 to acquire 120 frames per sec-
ond (fps) data of single chondrocyte and chondrocyte monolayer behavior due
to extreme osmolarity reduction. The osmolarity change was induced by using a
syringe pump that quickly replaced the culture cell media with deionized water,
resulting in a rapid cell swelling. Figure 7.10a shows the surface plot of the chondro-
cyte phase profile during swelling at three chosen time points. As expected, during
swelling, the phase profile height decreases and the two-dimensional area of the cell
image increases [5]. Figure 7.10b shows an image from Video 4, presenting the same
cell swelling, whereas Fig. 7.10c show an image from Video 5, presenting another
chondrocyte swelling that terminates with cell rupture. An image from Video 6,
presenting chondrocyte monolayer dynamics during swelling is shown in Fig. 7.10d,
illustrating that chondrocyte swelling and bursting dynamics vary from cell to cell.
Note that these videos were down sampled from the original videos to reduce their
file sizes. However, the quantitative analysis results presented below were obtained
from the images obtained at the full 120 fps rate.

For comparison purposes, we have collected similar data using a DIC microscope
(LSM 510; Carl Zeiss, Thornwood, NY) at the maximum frame rate possible by
this specific device (10 fps for single-cell imaging (Video 7) and 0.75 fps for cell
monolayer imaging (Video 8)). Although the two experiments (DIC and WFDI)
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Fig. 7.10 Final unwrapped phase profiles of live chondrocyte dynamics obtained by WEDI: (a)
Surface plots of single-cell swelling in three chosen time points; (b—d) two-dimensional view
videos of (b) single-cell swelling, 60 fps (Video 4), (c) single-cell bursting, 60 fps (Video 5),
and (d) cell monolayer dynamics, 7.5 fps (Video 6). Note that the original quality of the presented
videos is decreased to reduce the file size [8]
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profiles obtained by DIC
microscopy: (a) Single-cell
swelling and bursting, 10fps
(Video 7). (b) Cell monolayer
dynamics, 0.75fps
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have been performed using separate systems, the sample and imaging conditions
were made as similar as possible.

Figure 7.11a, b (Video 7 and 8) show the phase images obtained with the DIC
microscope for the cases of single chondrocyte and chondrocyte monolayer dynam-
ics, respectively. As expected from DIC microscopy, only the cell edges are seen,
and the characteristic shading artifact is present. As also shown in these videos,
after several seconds, the chondrocytes are no longer in focus due to changes in cell
volumes. Since the DIC data collection is two dimensional and non-quantitative in
nature, it is impossible to bring the sample back into focus without losing impor-
tant data during the transient. Therefore, we see that obtaining accurate quantitative
volumetric data is impractical using DIC microscopy.

On the other hand, in Fig. 7.11 since the entire wavefront is captured by WFDI, it
is possible to refocus the sample image digitally; however, the amount of refocusing
that is needed must be determined at each time point during the dynamic process.
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In our case, since biological cells are phase objects, digital propagation along the
axial direction was performed according to the phase-object focus criterion defined
in [73].

The quantitative analysis performed on the final phase profiles obtained by WFDI
(Fig. 7.10) includes monitoring the temporal changes in the chondrocyte relative
area (A/Ap), volume (V/Vy), dry mass (M/My), and average phase (P/Pp).
Figure 7.12a presents graphs of the temporal dependence of these parameters during
the transient visualized in Fig. 7.10b (Video 4). As can be seen from these graphs,
the chondrocyte gained about 50% in volume and more than 50% in area during
swelling, while retaining its dry mass at approximately the same level. Figure 7.12b
shows the parameter graphs for the transient visualized in Fig. 7.10c (Video 5).
In this case, the chondrocyte started swelling, gaining volume and area, but then
burst and lost dry mass. This finding provides experimental support of the dry mass
calculations that are based on the chondrocyte phase profile. Another validation for
this calculation is the small jumps that can be seen on the graphs before the chon-
drocyte bursts. These jumps exactly occur at the time points at which intercellular
parts from other, already burst chondrocytes have entered the FOV (see the related
frames in Video 5). This demonstration validates the approach of assessing dry mass
loss-induced cell bursting using WFDI-based calculations. Note that the chondro-
cyte volume was calculated up until the time point of cell bursting (and not beyond)
due to the fact that the volume calculation assumes isotropic volume change [9].
Based on the high temporal resolution obtained, we calculate the chondrocyte vol-
ume just prior to bursting as Vi, = 1.28 times the initial cell volume Vj. Figure 7.12c
shows graphs of the time dependence of the relative chondrocyte area, dry mass, and
average phase of the cell monolayer visualized in Fig. 7.10d (Video 6). The graphs
illustrate the tradeoffs in these parameters that occur during the dynamic response of
the monolayer. Different chondrocytes start swelling at different time points, swell
to various extents, and burst at different time points. Individual cell swelling and
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Fig. 7.12 WFDI-based graphs of the relative change in the values of the volume, dry mass, area,
and average phase of the chondrocytes during: (a) single-cell swelling (visualized in Fig. 7.10b
and Video 4), (b) single-cell bursting (visualized in Fig. 7.10c and Video 5), (¢) cell monolayer
dynamics (visualized in Fig. 7.10d and Video 6) [8]
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Fig. 7.13 WFDI quantitative phase microscopy of hippocampal neuron dynamics, recorded at
2,000 frames per second: (a) regular intensity image through the system (low visibility, only edges
are seen); (b) final unwrapped phase (optical path delay) profile obtained by the digital interfero-
metric processing; (c¢) the phase profile with digital coloring. No exogenous contrast agents were
used; (d) neuronal phase dynamics on the neuron body (marked by a square in (¢)); (e) neuronal
phase dynamics on the dendrites (marked by a triangle in (c)). different dynamic behaviors are
seen. Similar results were obtained by checking many other similar points on the neuron body and
dendrites

bursting result in a decrease in the average phase value. The rupture of an individual
cell is characterized by a loss of dry mass and in a temporal increase of viewable area
(until the burst chondrocyte intracellular parts leaves the FOV). On the other hand,
other chondrocytes and chondrocyte intracellular parts entering the FOV result in an
increase in dry mass and area. As time passes, it is demonstrated that the values of
all three parameters decrease due to rupture of most chondrocytes in the monolayer,
which results in an approximately uniform distribution of the intracellular parts in
the chamber. Using the monolayer WFDI results, it is also possible to calculate
individual chondrocyte maximum volume Vi before cell rupture in response to
the same monolayer osmotic conditions. For example, the chondrocytes marked by
1-5 in Fig. 7.10d have yielded V1.1 = 1.58Vp, VL2 = 1.81Vy, VL3 = 1.37Vp,
VL4 =1.35Vp, and V1, 5 = 1.22V},.

These experimental demonstrations show that WFDI can provide a powerful
research tool for observing the dynamics of articular chondrocytes and other types
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of biological cells, as well as for performing various cytological measurements in
vitro including cell viability assays.

The quantitative phase profiles obtained by WFDI can also be used to assess the
local dynamics characterizing various subcellular components. Figure 7.13 shows
images of a rat hippocampal neuron acquired in 2000 fps using a similar optical
setup to that shown in Fig. 7.9. Different dynamic behaviors have been quantitatively
observed at different locations on the neuron body and the dendrites. Detecting the
local changes in the index of refraction during the spatial propagation of a millisec-
ond rate neuronal action potential might also be possible by WFDI, a goal of our
future research.

7.7 Conclusion

We have presented an overview of WFDI phase microscopy techniques which
enable visualization of the dynamics of three-dimensional biological cells and per-
mit extraction of quantitative morphological parameters. These techniques can pro-
vide phase measurements of dynamic cell processes with sub-nanometer optical
path delay accuracy over sub-millisecond time scales. By understanding the WFDI
limitations reviewed in the chapter, and applying the suggested solutions which fre-
quently depend on the specific application and the sample of interest, we believe
that WFDI will become a common tool for quantitative analysis of cell dynamics.
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Chapter 8
Spectral Domain Phase Microscopy

Hansford C. Hendargo, Audrey K. Ellerbee, and Joseph A. Izatt

Abstract Spectral domain phase microscopy (SDPM) is a functional extension of
optical coherence tomography (OCT) using common-path interferometry to produce
phase-referenced images of dynamic samples. Like OCT, axial resolution in SDPM
is determined by the source coherence length, while lateral resolution is limited
by diffraction in the microscope optics. However, the quantitative phase informa-
tion SDPM generates is sensitive to nanometer-scale displacements of scattering
structures. The use of a common-path optical geometry yields an imaging system
with high phase stability. Due to coherence gating, SDPM can achieve full depth
discrimination, allowing for independent motion resolution of subcellular structures
throughout the sample volume. Here we review the basic theory of OCT and SDPM
along with applications of SDPM in cellular imaging to measure topology, Doppler
flow in single-celled organisms, time-resolved motions, rheological information of
the cytoskeleton, and optical signaling of neural activation. Phase imaging limita-
tions, artifacts, and sensitivity considerations are discussed.

8.1 Introduction

Phase-based microscopy has enabled observation and measurement of biological
processes and dynamics occurring on a sub-wavelength scale. The idea of using
phase microscopy to enhance image contrast has existed since the early twentieth
century. Phase contrast [1, 2] and differential interference contrast microscopy [3]
are long-standing techniques that convert the phase changes of light passing through
a sample into intensity changes, thereby allowing for visualization of transparent
objects. These techniques have dramatically changed the field of cellular imaging,
in which many samples of interest, while thin and optically transparent, lack the
intrinsic contrast necessary for bright-field visualization of internal structures. Such
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objects alter the phase of reflected or transmitted light based on local changes in the
optical path length (either due to differences in the refractive index or in the physical
path length). While these early-phase microscopy techniques enabled qualitative
observations of underlying sample structures, they were unable to provide quanti-
tative information due to the nonlinear relations between the phase and intensity
changes.

In recent years, there has been considerable interest in developing quantitative
phase imaging modalities for application in cellular imaging. Phase shifting inter-
ferometry [4], digital holography [5, 6], Fourier phase microscopy [7, 8], Hilbert
phase microscopy [9], and diffraction phase microscopy [10] have all demonstrated
the ability to translate phase changes into quantitative optical path length changes
that arise due to either index of refraction or thickness changes throughout a given
sample. Phase-sensitive derivatives of optical coherence tomography (OCT) have
also been used for quantitative phase imaging. OCT is an imaging modality that
uses low-coherence interferometry to generate depth-resolved reflectivity maps of
a given sample [11]. This technique has most often been used for imaging the
scattering structure of biological samples to provide morphological data [12, 13].
However, phase maps corresponding to minute changes in refractive index of the
tissue medium or the position of sample scatterers may also be extracted from the
interferometric signal generated during OCT imaging. This chapter focuses on the
theory, limitations, and applications of one phase-sensitive derivative of OCT: spec-
tral domain phase microscopy (SDPM). The remainder of this section includes a
brief overview of OCT implementation and theory, which forms the basis of SDPM
theory; more complete treatments on this subject are presented elsewhere [14, 15].

8.1.1 Optical Coherence Tomography (OCT)

A typical OCT setup is shown in Fig. 8.1 using a standard Michelson interferometer
configuration. Light from a broadband source is split (generally in a 50:50 ratio)
between a reference arm containing a mirror and a sample arm. The light reflected
from each arm recombines at the beam splitter and generates an interference pattern
at the detector. Due to the low-coherence nature of the source, interference for a
given sample reflector is observable only when the optical path length between the
reference and sample arms is matched to within the coherence length of the source
(i.e., coherence gating). A one-dimensional, depth-resolved reflectivity profile of
the structure (e.g., position of optical interfaces) of the sample may be generated
either by axially scanning the reference mirror, as in time domain OCT (TDOCT),
or through Fourier processing of a spectrally encoded interference signal (also called
an interferogram), as in Fourier domain OCT (FDOCT). Coherence gating, there-
fore, provides the ability to resolve sample structure along the axis of the incident
probing beam; the reflectivity profile thus created is known as an A-scan. The sam-
ple beam may be scanned laterally across the sample to build a two-dimensional
image (B-scan) or a three-dimensional volume data set. Time domain and Fourier
domain systems represent the two major subdivisions of OCT systems.
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Fig. 8.1 Michelson interferometer used in a time domain OCT setup. Images are acquired by
modulating the reference mirror along the path of the optical beam in time. A sample with two
layers (three distinct interfaces) at positions Z;, Z, and Z3 with indices of refraction ny, n2, and
n3, respectively, is shown. Figure 8.2 gives the time-encoded signal incident on the detector as a
function of the position of the reference mirror

8.1.1.1 Time Domain OCT (TDOCT)

Time domain systems were the first generation of OCT devices developed. To
acquire an A-scan, one uses a Michelson interferometer, broadband source, and
photodiode detector, as shown in Fig. 8.1. The position of the reference mirror is
modulated along the axis of the beam, and the readout of the photodiode detec-
tor consists of a time-encoded “fringe burst” whose peaks correspond with those
positions in depth where the reference arm path length matches that of an individ-
ual scatterer in the sample arm. The example shows a sample with three distinct
interfaces: the interfaces correspond to locations where the local refractive index
changes, thus causing some of the incident light to be reflected back toward the
detector. Back-reflected photons from the sample arm interfere with those reflected
from the reference mirror. Detection of the envelope of the interference pattern,
whose width is proportional to the coherence length of the source, allows for the
localization of scatterers in the sample (to within a coherence length), as shown
in Fig. 8.2. Observe that the resulting envelope profile resolves the position of all
interfaces through the depth of the sample relative to one another. The coherence
length of the source determines the axial resolution, which is given by the full width
at half maximum intensity of the interference envelope.

8.1.1.2 Fourier Domain OCT (FDOCT)

In contrast to TDOCT, FDOCT employs the same Michelson interferometer setup
but uses a stationary reference mirror to encode the depth information of a given
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Fig. 8.2 Results of TDOCT data acquisition and processing from Fig. 8.1. The interference signal
is collected over time as a function of the reference mirror position. A fringe burst pattern results
when the optical path length of the reference arm matches that of light reflected from each of
the three distinct sample layers. Software processing yields the envelope of each fringe burst,
showing the locations of the three reflective interfaces as a depth-resolved reflectivity profile of the
sample. The dashed lines indicate the geometrical distance between each reflector. The detected
profile (blue trace) shows the optical path length difference between each surface, which differs
from the geometrical distance according to the index of refraction of each layer. The full width
at half maximum of each peak gives the axial resolution of the system, determined by the source
bandwidth

sample as a function of wavenumber. Two different implementations of FDOCT
have been introduced: spectral domain OCT (SDOCT) and swept-source OCT
(SSOCT), diagrammed in Fig. 8.3. A broadband source along with a spectrometer
is used in the former case, and a tunable wavelength swept source and photodiode
detector are used in the latter. FDOCT implementations have been demonstrated to
have a sensitivity advantage of at least 20 dB over TDOCT systems and also can
achieve faster data acquisition rates [16—18]. The example in Fig. 8.3 shows the
imaging configuration for a sample with three distinct layers, as before; Fig. 8.4
shows the basic method for signal detection and processing.

In FDOCT, the interferogram is sampled as a function of the wavenumber of the
source. Spectrometer-based systems typically sample linearly in wavelength, but

Reference mirror Reference mirrer
A B
Spectral domain OCT Swept-source OCT
Beamsplitter Sample Beamsplitter sample
Broadband ny Wavelength I— ny

Source Swept Source J

Diffractive Z z zl\ I 2; Z;

Element ,I\‘\“

Photodiode

Fig. 8.3 Implementations of FDOCT. (a) SDOCT setup using a broadband source and
spectrometer-based detection. (b) SSOCT setup with a narrow linewidth wavelength swept source
and photodiode detector. The same two-layer sample as in Fig. 8.1 is presented
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Fig. 8.4 Basic signal detection process in FDOCT. Each distinct sample reflector generates an
interference pattern that overlays the source spectrum. The frequency of the interference fringes
increases with the optical path length mismatch between the reference and sample arms. The
detected spectral interferogram is the summation of the interference patterns generated from each
sample reflector. Taking the magnitude of the Fourier transform of the interferogram yields a
depth-resolved A-scan. A large peak centered at zero path length difference, known as the DC
peak, results from non-interfering photons. Because the detected interferogram is real valued, the
Fourier transform results in a complex conjugate artifact, or mirror image of each reflector on the
opposite side of the DC peak. Using only half of the A-scan profile yields the same information
as in TDOCT. Black dashed lines indicate geometrical positions of each reflector relative to DC.
The blue profile shows the detected reflector positions, which are shifted from those in black due
to differences in the index of refraction of each layer
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processing is used to convert the wavelength sampling into samples that are linearly
spaced in wavenumber. A few groups have demonstrated spectrometer designs and
swept-source systems that directly sample linearly in wavenumber [19, 20]. The fre-
quency of the interference pattern varies with the path length mismatch between the
reference and sample arms. The detected spectral interferogram is a summation of
interference patterns generated by photons backscattered from each sample reflector
and mixed with light from the reference mirror (i.e., the interference patterns of all
samples in depth for a given wavenumber overlap). Fourier transformation of the
signal yields information about the reflectivity of each scatterer and can be used to
obtain a reflectivity map of sample scatterers. A large peak centered at zero path
length difference is generated by non-interfering light reflected from the reference
arm and sample reflectors. This constant peak, known as the DC peak, is collocated
with the position of the reference mirror. The position of each individual reflector
is thus shifted away from DC by the optical path difference between the reference
mirror and sample reflector.

As seen in Fig. 8.4, Fourier processing of the resulting interferogram yields a
twin-sided image of the sample structure with identical structural features occurring
on both the negative and positive sides of DC. This is because the detected signal is
real valued, so the Fourier transform operation results in an artifact profile (known
as the complex conjugate) on the opposite side of the DC peak from the real posi-
tion of the sample scatterer. It is possible to ignore this artifact by confining the
sample structure to one side of the DC peak, though a scattering profile sufficiently
extensive in depth may necessitate the use of techniques to remove the complex con-
jugate image [21-25]. Such methods are collectively known as complex conjugate
resolution techniques.

8.1.2 Spectral Domain Phase Microscopy (SDPM)

The Fourier transform of the spectral interferogram from FDOCT results in a
complex-valued data set. The magnitude of the signal reveals the position and reflec-
tivity of sample reflectors (A-scan), but phase information is also obtained simul-
taneously without additional processing. Because FDOCT has been used largely
as a morphological imaging technique, the phase information is typically ignored
when generating images. However, the phase can be exploited to give functional
information about the sample and has been used in low-coherence interferometry
setups to detect and measure flow [26, 27], birefringence [28], and sub-wavelength
optical path length changes in a sample [29]. Because the phase allows for highly
sensitive measurements of minute structure and dynamics and can be easily col-
lected in OCT, there has been much interest recently in developing phase-based
OCT for applications in cellular imaging.

Common-path interferometers offer enhanced phase stability over two-path
setups due to the reduced noise threshold that results from the reference and sam-
ple light sharing the same optical path. Such systems have been demonstrated to
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have a phase stability on the order of tens of picometers [30, 31]. One offshoot of
FDOCT that uses a common-path configuration has been termed spectral domain
phase microscopy (SDPM) [30], or alternatively spectral domain optical coherence
phase microscopy (SD-OCPM) [31]. SDPM has been applied to cellular imaging
of features and dynamics that occur on the sub-micron scale. Such features are not
easily resolved using amplitude information alone. The remainder of this chapter
discusses the theory of SDPM as well as its limitations, artifacts, and applications
in cellular and functional imaging.

8.2 Spectral Domain Phase Microscopy Theory and
Implementation

The principal theory of spectral domain phase microscopy follows closely that of
SDOCT. Here, attention is given to analysis of the phase signal and its relation-
ship to the signal-to-noise ratio. Explanations on the relation between phase and
structural variation are also provided. Basic conceptual designs for experimental
implementation of such systems are also discussed.

8.2.1 SDPM Theoretical Analysis

8.2.1.1 SDPM Phase Analysis

For the case of a single reflector, the SDOCT interferometric signal at the detector
as a function of wavenumber is given by

ik) = %pS(k)cSk {RR + R + /Rr Rs cos(2kn(x + Ax))} . @

where S(k) is the spectral density of the source, p is the detector responsivity, 5k
is the wavenumber spacing per detector pixel, Rr and Rg are the reference and
sample reflectivities, respectively, n is the index of refraction, and x + Ax is the dis-
tance between the reference and sample reflectors. Here, x accounts for the discrete
sampling of the detector in the spatial domain while Ax represents sub-resolution
differences in the sample position from x [32]. The first two terms in (8.1) are so-
called DC terms that get mapped to the position of the reference reflector while the
third term contains the interferometric data of interest in OCT and SDPM. Taking
the Fourier transform of (8.1) and ignoring the DC terms yields a depth-dependent
reflectivity profile of the sample, known as an A-scan, with peaks located at £2nx.
These peaks can be described as

SAt+/RRR
%E(En}c) exp( j2kon Ax), (8.2)
e

Isignal (£2nx) =
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where § is the total source power, Ar is the detector integration time, e is the
electronic charge, E(2nx) is the coherence envelope function, j is the imaginary
number, and k, is the center wavenumber of the source. The phase of the detected
signal during the jth measurement can be used to track sub-wavelength deviations
in the sample with respect to a reference phase measurement, ¢,. These deviations
are related to the detected phase by

hoBb

Ax = m—,
dmn 2n

(8.3)

where Ax is the sub-resolution feature of the sample reflector, A, is the center
wavelength of the source, A¢p = ¢; — ¢, and m is an integer number of half
wavelengths. A factor of 2 in the denominator accounts for the double pass in the
optical path length due to the reflection geometry of the optical setup traditionally
used in FDOCT. It should be noted that the phase reference may be a point in time
or a spatial location.

When (8.3) assumes a constant index of refraction within a sample, the phase
difference can be used to calculate a change in sample thickness. However, changes
in the index of sample structure affect the phase expression in (8.2) as do physical
changes, and the two are inherently coupled. Assuming a trivial contribution from
one allows for calculation of changes in the other; however, validation of such an
assumption is critical for correct quantitative assessment.

A given phase value is not an absolute determination of Ax, but can potentially
represent Ax plus any integer number of half wavelengths. Without a priori knowl-
edge of the phase topography of the sample, there is no way to know the exact value
of m in (8.3), as any displacement that is a multiple of X,/2 will give the same
value. Such phase ambiguity can lead to a problem known as phase wrapping. If
m = =*£1, simply adding or subtracting 27 to the phase can correctly unwrap the
artifact. However, if [m| > 2, it is impossible to unwrap the phase accurately using
this simple method without prior sample information. Techniques used to overcome
this problem are discussed in Sect. 8.3.

8.2.1.2 Theoretical Phase Sensitivity and Its Dependence on Signal to Noise

The number of photons generated by a source will vary from one point in time to
the next. This time-varying number of photons is known as shot noise. Shot noise
presents a fundamental limit on the optical noise level for a given detection system.
Here, we present the analysis of the effects of shot noise on the phase sensitivity
of SDPM, which has been discussed much in past literature [16—-18, 30, 32]. Equa-
tion (8.2) gives the interferometric component of the SDPM signal after Fourier
transformation of the detected interferogram. The noise associated with this signal
in the shot noise limit can be described as

pSAtRR

12
5 > exp(j ¢rand). (8.4)
e

Inoise(F2xn) = <
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where ¢rang is the random phase contribution from shot noise and § is the total
source power. The signal-to-noise ratio of a measurement is thus given by

|Isigna1| ’ _ pSAtRg

SNR =
[ Inoise| 2e

(8.5)

The relation between Ijgna and Iyoise 1s illustrated in the vector map in Fig. 8.5.
For a given measurement, the phase noise, §¢, is a measure of the difference in angle
(phase) between the actual sample signal and the measured signal. Note that this
phase difference, which depends on ¢rang, is @ maximum when Iise is orthogonal
to Isignal. The parallel component of Inise affects the sensitivity of the amplitude
measurement but does not affect the phase. The phase resolution, 8¢, is typically
defined as the average value of 3¢ using the following equation:

/2
~ 2 Lo
8¢ == | arctan ( Mooisel i ¢rand) drand, (8.6)
T

signall

where 8¢ is averaged over a quarter period with the assumption that ¢pang 1S uni-
formly distributed over 2. Integrating over a single quadrant gives an approxima-
tion of the phase noise at any given time, since the effect of ¢ang in the second
quadrant is redundant with ¢ng in the first quadrant from the perspective of the
measured phase noise. Also, the third and fourth quadrant values of ¢r,ng have the
same absolute value of phase noise as the second and first quadrants, respectively.
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Fig. 8.5 Effects of random phase contributions from pure shot noise on measured phase. §¢ is
defined as the angle between the actual signal vector, Isignal, and the measured signal vector,
Imeasured- The phase noise vector, Iypise, 1S randomly oriented according to a random phase, @rang-
Only the component of Ipjse that is orthogonal to /gignar contributes to phase noise in the measure-

ment. The phase resolution, 8¢, is an averaged value of 8¢
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The measured intensity is Isignal + Tnoise- and Inoise influences both the phase and
amplitude sensitivity. For the case where |[signall >> |Inoise| (small angle approxi-
mation), (8.6) can be approximated using

Lhoi . Lo .
arctan (M sin qbrand) ~ | noise| Sin Prand- (8.7)
|[signal| |Isignal|

Combining (8.2) and (8.4) into (8.6) and using the approximation from (8.7)
yields

sp_ 2lhosel 2 (2 NP2 1\ (8.8)
7 Isignatl 7 \ pSAtRs ~ 7 \SNR ' :

The phase resolution, 8¢, for a given measurement thus depends upon the inverse
square root of the SNR and is considered the smallest reliable phase change that can
be detected by a given system.

The phase resolution may also be converted into physical displacement resolution
by using (8.8) in the relation expressed in (8.3):

hod
drn

S

85X = (8.9)

When expressed in this way, 8x is the smallest difference in sample thickness that
can be reliably detected for two relative phase measurements, assuming a constant
index of refraction.

8.2.1.3 Velocity Resolution

The phase information can also be used to obtain data on the velocity of moving
scatterers in a sample. We have already shown how the phase can be used to track the
sub-wavelength changes in the position of a sample reflector. By taking the phase
difference between two phase measurements in time and dividing by the time in
between acquisitions, the instantaneous velocity of a sample reflector at that position
can be measured [26, 32]. The time derivative of the phase leads to a Doppler shift
in the interference frequency. The measured velocity, v(¢), depends upon the angle
between the probing beam and the direction of motion of a moving scatterer and is
given by

Ao (¢i — ¢pi—1) _ Ao A¢

v(t) = = f—
41 cos 6 At 47 cosO At

(8.10)

where 6 is the Doppler angle between the optical axis and the direction of scatterer
motion, and the index i indicates the ith measurement in time. The factor A¢ /At
is the slope of the phase between sequential measurements and is related to the
Doppler shift frequency, fpopp, as
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A9

;= 2 foopp. (8.11)

The velocity thus depends on a difference operation, which reduces the velocity
resolution (increases the noise floor) by a factor of V2 over the phase resolution due
to propagation of error. We assume there is no uncertainty in the time measurement,
and that the integration time of the detector is short enough that motion of the sam-
ple reflector can be considered of constant velocity during sampling. The velocity
resolution is thus given by

A ~ A 1
0 \/58(1) 0

= — " = .
U= 4nAtcoso V272 At cos 6 SNR'/?

(8.12)

The SNR advantage of FDOCT clearly benefits SDPM by leading to improved
phase stability, which in turn yields greater structural and motion sensitivity.

8.2.2 SDPM Implementation

8.2.2.1 SDPM System Design

To date, SDPM has been demonstrated using two types of common-path interferom-
eter setups [30, 33]. These systems allow for cancellation of common mode noise
and elimination of noise due to mechanical instability of the reference mirror, since
light from the sample and reference arms travels the same optical path. Thus, the
phase of the sample relative to the reference will be stable save for changes induced
by the sample itself. Both spectrometer and swept-source designs have been demon-
strated, and configurations capable of raster scanning have been utilized for imaging
in three dimensions. Figure 8.6a shows a schematic of an SDOCT system that has
been rendered common path by blocking the reference arm. Typically, a glass cover-
slip is placed in the sample arm, with the sample of interest (cells in this case) resting
on top of the coverslip. The reflection from the bottom coverslip surface effectively
provides a suitable alternative reference reflection to the separate reference mirror
used in standard OCT. An objective lens with a sufficiently high NA can be used
to visualize the cells. A similar SDPM design using a swept-source configuration is
shown in Fig. 8.6b. Both setups yield high phase stability, as any vibrations to the
optical setup generally affect both the reference and sample reflectors to the same
degree.

8.2.2.2 Self-Phase Referencing

Another possible technique to achieve highly stable phase measurements uses a sep-
arate reference arm along with a reflector in the sample arm that acts as a phase ref-
erence. For a standard SDOCT system, phase noise created due to small vibrations
in the reference arm can lead to large fluctuations in the phase measurement. How-
ever, changes to the phase caused by reference mirror instability affect all sample
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Fig. 8.6 Schematics of an SDPM setup. (a) SDPM is performed using a fiber-based SDOCT setup
with the reference arm blocked. (b) A SS-SDPM setup using a wavelength swept laser and opti-
cal circulator. Plot insets show the phase stability of measurements from a clean glass coverslip.
Images from [30]

reflectors simultaneously. Thus, by taking the difference of the phases detected from
two different sample reflectors, the noise introduced by the reference arm mirror can
be removed. By using a reflector in the sample as a phase reference, which may be a
reference from either an axial depth location or a lateral location, the relative motion
of other reflectors can be detected with reduced noise [34, 35].

8.3 Limitations and Artifacts

Though SDPM offers many advantages in terms of phase stability, there are also
several important disadvantages that must be considered when implementing this
method. We discuss here the effects of the reduced SNR typical in common-path
systems, the tradeoff between lateral resolution and depth of focus, as well as the
consequences of phase corruption and phase wrapping artifacts. This section also
presents possible solutions to some of these problems.

8.3.1 SNR Reduction

Due to the common-path design, the SNR of images produced by SDPM systems
is typically 30 dB less than similar images obtained using a standard FDOCT setup.
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This occurs because the reference reflection provided by the air—glass interface of
the bottom surface of a glass only reflects 4% of the incident light. Moreover, unless
an optical circulator is used, the light that would be typically used to illuminate
the reference arm (50% of the source light) is wasted. Because the reflectivity of
the coverslip surface still dominates the reflectivity of the sample, the SNR expres-
sion in (8.5) still holds, but the dynamic range of the system is reduced. Thus, low
SNR reflectors normally detected by standard FDOCT are difficult to observe using
common-path SDPM. The self-phase referencing method described earlier can be
used to recover the full dynamic range of FDOCT to be utilized, though the phase
stability tends to degrade compared to common-path systems [30, 35].

8.3.2 Lateral Resolution vs Depth of Focus

Another limitation of SDPM is a more general limitation of OCT techniques: the
tradeoff between the lateral resolution and depth of focus inherent to all objectives.
High NA objectives are typically necessary to image at the cellular level. However,
the depth of focus scales inversely as NAZ. In SDPM, however, the problem is more
critical. Since SDPM relies upon a reference reflection from the bottom of a glass
coverslip, typically 150-200 wm thick, it is important to consider the effects of a
reduced depth of focus on the strength of the interferometric signal detected. To
ensure adequate signal from the reference reflection, it should ideally be kept within
the depth of focus of the imaging beam. Because the sample arm optics comprise a
confocal detection scheme, the detected intensity along the axis of the sample beam
can be described, as in [36], by

. 2
T = (%) , 8.13)

where u, defined as the normalized axial range parameter, is related to the axial dis-
tance, z, of a given imaging point from the central focus position and the maximum
collection angle of the objective, «, by

R AN
u(z) = TZ sin“(«/2). (8.14)

Figure 8.7 shows the falloff in SNR over depth for an SDPM system using various
NA objectives. A typical coverslip has a thickness of about 150-200 wm. Assuming
the focus of the sample arm beam is placed at the sample (i.e., near the top surface
of the coverslip), the reference surface may not fall within the depth of focus, thus
less light will be collected upon reflection. For high NA objectives, the large SNR
decrease caused by the reference reflection being located outside the depth of focus
can be compensated by increasing the dynamic range of the system. This can be
accomplished most easily by increasing the sample arm power or the detector inte-
gration time. Thus, it is possible in SDPM to detect samples outside of the depth
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Fig. 8.7 Simulated effects on SNR falloff using high NA objectives for a single reflector. The loss
in signal power results from the increasing distance of the reflector from the center of the focus.
As the NA of the objective increases, the depth of focus decreases. Thus, the signal of reflectors
far from the central focal spot suffers greater degradation with higher NA objectives

of focus, though the strength of such signals is reduced compared to detection by
standard FDOCT.

Recently, a line-scan, self-phase-referenced SDPM system for cellular imaging
was developed to utilize high NA objectives [35], circumventing the SNR loss typ-
ically associated with common-path systems. In this system a separate reference
arm was used, which allowed for independent focusing of the reference and sample
arms. A cylindrical lens focused light into a line incident in both the reference and
sample arms. HeLa cells resting on a glass coverslip were imaged. A portion of
the line illumination was incident upon the cells and another portion was incident
upon a coverslip, simultaneously acquiring the phase from the sample of interest
and the coverslip surface. Because an entire lateral image was acquired over a single
detector integration period, the coverslip surface could be used as a phase reference
to account for reference arm motion. The use of a separate reference arm provided a
sufficiently high reference signal to enable use of a high NA objective (NA = 1.2),
thus improving the lateral resolution of the system while still providing a stable
phase reference in the plane of the sample.

8.3.3 Phase Corruption

The phase of adjacent reflectors in a given sample may influence the phase of nearby
scatterers. This problem, known as phase corruption, can cause erroneous phase
measurements for samples of weak reflectivity positioned near strong reflectors
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(particularly stationary reflectors like the surface of a coverslip). A full treatment
of this problem is given in [37]. Briefly, the measured phase at a given depth, x, is
influenced by the presence of nearby reflectors according to

(8.15)

$(x) = tan™! ( o=t P () $in 20k (x = )] )

M P(x) cos Rimko (X — X))

where P, (x) is the convolution of the source spectral density function and the
point spread function of the mth reflector, x,, is the axial depth of the mth reflec-
tor, ko is the center wavenumber of the source, n,, is the refractive index of the
mth reflector, and M is the total number of reflectors in the sample. If we let
P,(x) = Apexp[—2(x — xm)2/202], an ideal Gaussian, the phase and slope of
the phase in the dx neighborhood of two isolated reflectors (M = 2) separated by
distance y are given by the following equations:

1 | Bexp(—dx?/o?) sin(2kodx) + exp [—(y + dx)? /0 2] sin(2ko (y + dx))

Pl ) = ) P(—dx2/0?) cos(Zkedn) + oxp [— (v + d¥)2/0? [ cos(Zke(y + 1)) |

(8.16)
3 (xp + dx) 2yp sin(2koy)
TOIm T gy — ;
dx o2 {exp[—(y? + 2ydx) /2] + B? exp[(y? + 2ydx) /o] + 2 cos(2koy) |
(8.17)

where y = xp — x1 and B = A/ A;. Clearly a linear slope for the phase is expected
for reflectors separated by large distances (y — 00), when one reflector is much
stronger than the other (8 — 00), or when the system has a high axial resolution
(e.g., achieved through a large source bandwidth ¢ — oo ). However, for realis-
tic scenarios, the measured phase for a single reflector is corrupted by information
about the phase of closely spaced reflectors.

This problem can be mitigated through software processing or design of an
appropriate sample arm. The most straightforward method to correct the problem
is to obtain a clean background signal without the sample. By subtracting the back-
ground from the sample data, phase corruption due to the coverslip reflection, which
typically poses the most significant problem, can be avoided. Figure 8.8 gives an
example of a spontaneously beating cardiomyocyte on a coverslip. The presence
of the coverslip reflection corrupts the phase data measured from the beating cell.
The phase-corrupted data do not reveal the motion of the cell surface; the phase-
corrected data, however, reveal phase fluctuations corresponding to the beating of
the cell after the background interferometric signal was removed.

8.3.4 Phase Wrapping

The change in phase of the OCT signal is linearly related to axial motion of the
sample over time. However, the measured phase is limited to a range of —m to
+7. A problem known as phase wrapping occurs when a change in phase between
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Fig. 8.8 SDPM data from a spontaneously beating cardiomyocyte resting on a coverslip surface.
(a) Magnitude information showing the position of the cell and coverslip both before (gray) and
after (black) correction for phase corruption. (b) Phase information corresponding to the surface
motion effects of the beating cell. The beating pattern of the cell is obscured in the corrupted data.
Software correction allows the beating to be observed. Image from [37]

consecutive measurements is such that the total phase change falls outside the [—,
1] interval and thus yields an ambiguous result, as illustrated in Fig. 8.9 for a lin-
early sloping phase surface. When the optical path length exceeds the 2w detec-
tion bandwidth, the detected phase wraps to the opposite limit of the 27 interval.
Because SDPM operates in a reflective geometry, variations in the position of a
sample reflector in space or time will cause phase wrapping whenever the cumula-
tive path length change exceeds half of the source center wavelength.

Singly wrapped phases correlate identically with the actual phase change of the
object when slow phase variations are present, as in Fig. 8.9. Such artifacts can be
removed readily by simple software methods that add 27 to the phase at relevant
locations to smooth the phase profile [38]. However, such techniques fail when
multiple phase wrapping occurs, as may be the case for fast sample motion or sharp
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Fig. 8.9 Example of a phase wrapping artifact. Measurements from a linearly sloped phase profile
result in the detected phase being “wrapped” into a 27 bandwidth. The measured phase actually
falls between an interval from —m to +s, but here has been shifted to be between 0 and 27 for
illustrative purposes



8 Spectral Domain Phase Microscopy 215

spatial variations. Multiple wrapping can be avoided temporally with rapid acquisi-
tion times or spatially with fine lateral sampling. Unfortunately, these solutions may
not be possible in some cases due to hardware or data acquisition limitations; in
these cases, software-based solutions can be implemented to correctly unwrap such
phase images.

Many software algorithms exist to correct for phase wrapping [38]. These meth-
ods typically rely upon calculation and comparison of the phase gradient through-
out a given image and detection of phase discontinuities. These algorithms vary in
complexity, speed, and utility. An alternative technique that relies upon a hardware-
based solution is multi-wavelength phase unwrapping, in which the phase informa-
tion at two or more wavelengths is used for robust phase unwrapping [39, 40]. This
method has been implemented in FDOCT by taking advantage of broadband source
light to yield phase information from many wavelengths simultaneously [41], as
briefly described in Fig. 8.10.
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Fig. 8.10 Illustration of synthetic wavelength phase unwrapping. (Top) The linearly sloped phase
profile is measured with two different wavelengths, each resulting in a slightly shifted wrapped
phase profile. (Middle) The phases of the two single wavelength profiles are subtracted from each
other, yielding the synthetic wavelength phase profile. (Botfom) A phase value of 27 is added
to locations on the synthetic profile that are less than 0, generating a correctly unwrapped profile.
Note that the newly unwrapped profile describes the true phase profile, but in terms of the synthetic
wavelength A
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A broadband source captures a phase profile at two or more different wavelengths
shown. The difference in the phase information obtained at the two wavelengths
can be recast in terms of an equivalent phase associated with a longer synthetic
wavelength, A, which is a function of each of the imaging wavelengths:

= ﬂ (8.18)

A1 — A2l

This recast expression allows for wrap-free measurements of changes in optical
path length less than A /2, which can be significantly larger than any of the single
imaging wavelengths alone.

Synthetic wavelength phase unwrapping may be applied to OCT data to resolve
correctly sample motions that are larger than A, /2. Image processing in OCT uses
the Fourier transform of a broadband spectrum. By windowing the signal spectrum
to isolate information for a given wavelength before applying the Fourier transform,
phase information at multiple “center” wavelengths may be obtained. This method
has an advantage over other software techniques in that it is not necessary to rely
upon phase gradients across image pixels to unwrap the phase at a given point.
Rather, two phase maps for a given sample depth can be generated via Fourier trans-
formation of the two windowed spectra. The phase maps are designed to have corre-
sponding image pixels, the difference of which generates the synthetic wavelength
phase profile. Each image pixel can be unwrapped without need for calculation of
phase gradients across the image.

Synthetic wavelength unwrapping was applied to phase measurements from
human epithelial cheek cells imaged with SDPM. The bright-field image of a group
of cells is shown in Fig. 8.11a. The wrapped phase profile was initially obtained
in Fig. 8.11b and was later unwrapped using the synthetic wavelength method. As
can be seen from the bright-field microscope image, single cells as well as a cluster
of cells stacked together are present in the field. The cell cluster is expected to
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Fig. 8.11 Phase images of human epithelial cheek cells. (a) Bright-field microscopy image of a
single cell and cluster of cells. (b) Phase image produced from initial wrapped phase measure-
ments. (¢) Synthetic wavelength unwrapped phase map. Note the difference in the color bar scales
for (b) and (c). The region in the red box indicates the area used as the phase reference. Image from
[41]
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introduce multiple wrapping artifacts at areas where its thickness exceeds that for
which a single cell would produce only a single wrap. A clear picture of the cell
height above the coverslip surface is obtained in Fig. 8.11c. The heights of both
single cells and the cell cluster are correctly unwrapped and resolved.

8.4 Applications

Phase microscopy finds great utility in the realm of cellular imaging. The sensitivity
of phase measurements to small motion or changes in cell structure allows for the
detection and measurement of dynamics and features on the micron and sub-micron
scale. To this end, SDPM lends itself as a useful tool for cellular biologists studying
cellular motility or behavior.

Some of the earliest studies demonstrating SDPM used temporal changes in
phase to monitor cell contractility, as shown in Fig. 8.12, or spatial phase changes
across the cell surface to map the cellular topology [30, 31]. The phase sensitivity
advantage of SDPM was also extended to measure (very slow) cytoplasmic flow [32]
as well as the mechanical properties of cellular membranes [42]. Multi-dimensional
measurements of the phase were demonstrated across contracting cardiomyocytes
[43]. SDPM has been combined with multi-photon microscopy to provide both
highly sensitive functional and structural imaging of fibroblast cells [44]. A self-
phase-referenced SDOCT setup was used to measure phase changes during action
potential propagation in a crustacean nerve [34].
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Fig. 8.12 SDPM used to monitor the spontaneous beating of a cardiomyocyte from a chick
embryo. Top: bright-field image of the cell. Arrow indicates location of the SDPM measurements.
Bottom: SDPM phase trace measuring changes in optical path length of the reflected light from the
cell at the depth corresponding to the cell surface. Image from [30]
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8.4.1 Three-Dimensional Cellular Phase Microscopy

Three-dimensional phase imaging of cellular structure and dynamics is critical
for studying the complete response of a cell to external stimuli. The ability to
detect phase changes throughout the volume of the cell holds potential for study-
ing translation and signaling processes. Multi-dimensional SDPM has been demon-
strated using raster scanning [31] and full-field implementations [33]. In the for-
mer case, which the authors referred to as spectral domain optical coherence phase
microscopy (SD-OCPM), galvanometer mirrors were used to scan the OCT probing
beam in the lateral dimensions. The latter system utilized a two-dimensional CCD
camera and a wavelength swept source to capture a full two-dimensional field in
a single detector snapshot as shown in Fig. 8.13. Both techniques are capable of
revealing the surface topology of cells.

While several initial demonstrations of multi-dimensional SDPM used static
samples, one of the benefits of these systems is the ability to monitor dynamic pro-
cesses occurring throughout in the cell over time. A demonstration of this capability
was carried out by monitoring the contractions of spontaneously beating cardiomy-
ocytes [43]. A raster scanning implementation was used to obtain cross-sectional
images of beating cells, and the depth-resolved phase was monitored across the cell,
shown in Fig. 8.14. The beating pattern at multiple locations in single cells as well
as for clusters of cells was measured. The ability to measure localized Doppler flow
from cytoplasmic streaming in Amoeba proteus was also demonstrated, shown in
Fig. 8.15. Such studies demonstrate the potential to use this technique to detect the
location of origin of biological activity in dynamic cellular processes.

Fig. 8.13 Full-field SDPM image of red blood cells from [33]. Note the concave shape of the blood
cells is clearly resolved
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Fig. 8.14 Image of contracting cardiomyocyte from a chick embryo. (a) OCT intensity image
of the cell resting on the surface of a coverslip. (b) Bright-field image of an isolated cell. Red
line indicates location of the cross-sectional images. (¢) SDPM phase image of the cell during
a contraction. Negative phase (blue) relates to motion of the cell toward the coverslip surface;
positive phase (yellow and red) indicates motion away from the surface. (d) Phase trace over time
showing the biphasic motion at two different sites within the cell. Image from [43]

8.4.2 Doppler Velocimetry of Cytoplasmic Streaming

Cytoplasmic streaming plays an important role in transport mechanisms on the cel-
lular level. Movement of cytoplasm controls the motility of cells and is one mech-
anism by which metastasis occurs. By understanding the process of cell motility
and studying the ability of cells to spread, one can gain insight into the progression
of certain diseases. Nutrient transport across cell membranes is also an important
process and can result in fluid flow across the cell membrane. Doppler velocimetry
measurements may be made using SDPM to quantify the motion of cellular phe-
nomena. This was demonstrated in A. proteus by monitoring cytoplasmic streaming
in extending pseudopods of the organism [32], shown in Fig. 8.16.

An amoeba was monitored using bright-field microscopy concurrently with an
SDPM microscope. The probing beam was directed onto the cytoplasmic channel
of the organism and the phase at all depths was measured over time. The measured
phase changes from sequential A-scans revealed the axial component of the velocity
of the flow. As a pseudopod extended from the amoeba, a positive velocity was
measured. Between 18 and 20s after the start of data acquisition, a drop of CaCl,
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Fig. 8.15 Cross-sectional image of amoeba with the overlaid Doppler frequency shift. The gray-
scale intensity image reveals the structure of the amoeba resting on the coverslip surface. The

colored phase data correlate with the velocity of the cytoplasm flowing within the cell. Image from
[43]
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Fig. 8.16 Results from demonstration of SDPM Doppler flow in amoeba. (a) Bright-field image of
an amoeboid. (b—d) Intensity, phase, and velocity maps of SDPM data taken at the point indicated
by the white triangle in (a). Data reveal the velocity of the cytoplasmic flow. (e) Trace of the
induced Doppler shift over time showing a directional change in cytoplasmic flow in response to
the addition of salt to the environment. (f) Parabolic fit of the Doppler data obtained through the
depth of the cell, suggesting a laminar flow profile as expected. Image from [32]
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was added to the solution containing the amoeba that caused the pseudopod to retract
and the phase to become negative. Thus, the velocity of the fluid flow was measured
with high sensitivity, and changes in the directionality of the flow in response to
environmental conditions were also detected. Figure 8.16f indicates that a laminar
flow profile was detected within the cytoplasmic channel.

8.4.3 Cellular Cytoskeletal Rheology

Phase information has also been used to measure the mechanical properties of cells.
Describing the behavior of the cytoskeletal structure poses an important biological
problem for understanding the basic functionality of the cell. Mechanical modeling
of cellular structure has traditionally been difficult due to its complex biological
properties as well as differences between cell types. SDPM has been used to quan-
tify the mechanical strength of the cellular membrane in single cells and could be
useful for further studies on cellular rheology [42]. The cellular response was fitted
to exponential and power law models to describe the behavior of the membrane
under applied force.

Figure 8.17 shows results from the experiment. Magnetic beads were attached to
the membrane of MCF-7 human breast cancer cells. The cells were placed onto a
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Fig. 8.17 Scheme and sample data from a cytoskeletal strength experiment. (a) The cell of interest
with an attached magnetic bead rests on the top surface of a glass coverslip. A magnetic tip is
suspended above the cell and used to pull on the bead. The SDPM probing beam was incident on
the cell from below; the bottom coverslip surface provided the reference reflection. (b) Sample
A-scan data showing peaks corresponding to the location of the top surface of the coverslip and
the cell as well as the tip of the magnet. (¢) Sample A-scan data acquired over time (M-scan)
showing the cross-sectional magnitude and phase data acquired at a single lateral position on the
cell. (d) Phase plots showing depth-resolved phase changes at depths corresponding to the cell, the
top coverslip surface, and the bottom coverslip surface (from top to bottom). Image from [42]
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Fig. 8.18 Cell surface displacement measured from phase changes comparing normal MCF-7 cells
to cells treated with cytochalasin D. Treated cells show greater displacement due to the disruption
of their actin fiber networks and reduced cytoskeletal elasticity. Image from [42]

glass coverslip, and an electromagnet was used to pull the attached beads. SDPM
was used to monitor the change in phase at a constant location through the cell as
the beads were pulled. The measured changes in the optical phase captured with
SDPM correlated to physical displacement of the membrane surface. Cells were
then treated with cytochalasin D (Cyto-D), which caused the actin fibers throughout
the cell to depolymerize, weakening the structural integrity of the cell membrane.
The cell surface notably displaced more, demonstrating reduced cytoskeletal elas-
ticity. Results in Fig. 8.18 from SDPM measurements revealed an increase in the
distance moved by the membranes of the Cyto-D-treated cells when a constant force
was applied through the electromagnet.

8.4.4 Multi-modal Phase Imaging with Molecular Specificity

Phase-based OCT can also be combined with other imaging techniques to obtain
information with enhanced contrast and specificity. Phase changes in OCT arise due
to changes in either the index of refraction or the structural size of a given sample.
The molecular origins of these signal changes, however, cannot be detected as the
resolution of OCT systems is inadequate for monitoring the activity of such parti-
cles. A combined SDPM (also called SD-OCPM) and multi-photon microscope was
developed to add the ability to distinguish specific molecular targets within a cell
[44]. Green fluorescent protein was used to label the actin filaments in skin fibrob-
last cells. Simultaneous imaging with two-photon fluorescence and phase imaging
was carried out. While the fluorescence revealed the structure of the actin filaments,
correlating with the detected phase in the OCT signal, the phase measurement also
revealed the location of the cell nucleus, which could not be observed in the multi-
photon image. This system demonstrated the ability to combine imaging modalities
to obtain complementary information.
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8.4.5 Action Potential Propagation

Increasing interest has grown in the use of optical signals to detect neural activity
in biological specimens. Optical signaling provides an intrinsic contrast mechanism
through which dynamic electrical activity can be recorded. When an action potential
occurs, changes to the neuron structure due to ionic flux and membrane depolariza-
tion may cause cell swelling or localized refractive index changes. These changes
yield optical signaling changes that may correspond to electrical activity in the cell.
Such optical signals give rise to detectable optical path length changes on the order
of nanometers for light reflected or transmitted through the nerve. Non-invasive
detection of electrical activity holds great potential for studying nervous activity
without the need for exogenous contrast agents or contact methods that could affect
biological behavior.

The phase sensitivity of common-path techniques enables their use in monitoring
optical responses during electrical nervous activity. Furthermore, FDOCT setups
detect light reflected from a sample, which holds potential for in vivo applications.
The standard FDOCT setup in Fig. 8.19 was used to investigate the potential of using
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Fig. 8.19 SDOCT system for imaging action potential propagation in isolated nerves. The nerve
chamber is shown with stimulation and recording electrodes. Stable phase measurements are made
by using the phase of the glass/saline interface as a reference. C: collimating lens, ASL: air-spaced
lenses, LSC: line-scan camera, SLD: superluminescent diode. Image from [34]
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self-phase referencing for studying the propagation of action potentials in nervous
tissue [34]. The reflection from the glass saline interface provided a stable phase
reference that could be subtracted from the phase measured at other depths through
the nerve. The authors applied electrical stimulation to an isolated crayfish leg nerve
as well as lobster leg nerve bundles to induce an action potential. Recordings from
electrodes revealed the electrical activity of the action potential.

Results in Fig. 8.20 show that optical path length changes between 1 and 2 nm
were measured on a millisecond timescale, corresponding well to values obtained
using other optical techniques [45, 46]. Slight differences were present between the
electrical and optical recordings. Such discrepancies may be attributed to differences
in the nature of the signals detected optically and electrically. While the electrical
signal is the summed response of the depolarization of all fibers in a nerve bundle,
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Fig. 8.20 Action potential measurement from lobster leg nerve. (a) Magnitude cross-sectional
image of a nerve bundle. Dark horizontal line indicates interface of coverslide glass and saline
solution. Arrows indicate positions at which phase measurements were made. (b) Optical path
length change as calculated from the phase of the fop arrow in (a). Electrical recording shown
below. (¢) Optical path length change calculated from the phase profile of the bottom arrow in
(a). (d) Difference in optical path length between (b) and (c¢). All traces are averaged over 100
stimulation trials. Image from [34]



8 Spectral Domain Phase Microscopy 225

A I, =300 uA; n =500; d = 387 um; Sw,Room T. B I, =600 pA; n = 250; d = 291 um; Sw, 2°C

I 0.2 nm

Ap

: I AP 8.5 mV i ‘ql 47 (7.1 mV|
IR E N E — l1; W1
0 5 10 15 20 25 30

0 5 10 15 20 25 30 35 40 3B 40
time (ms) time (ms)

Fig. 8.21 Results from self-phase-referenced SDOCT measurements from a squid giant axon. (a)
Measured displacement of nerve tissue during repeated stimulation. (b) Measured displacement
for an axon when cooled to 2°C and repeatedly stimulated. Data from [47]

the optical signal originates from a single location within the nerve and is sensitive
to changes in optical path length.

A further study revealed the ability to detect the dependence of action potential
propagation on environmental conditions [47]. A similar setup to that shown above
was used to detect optical signaling from action potential propagation in a squid
giant axon. Based on the phase difference between the top and bottom surface of the
axon membrane, the authors observed changes in membrane thickness that varied
from 1 to 20 nm depending on temperature and ionic concentrations of the solution
in which the axon was placed. Increasing salt concentration was found to increase
the magnitude of the optical response. Cooling the sample led to an increase in the
magnitude of the signal measured relating to the change in membrane size caused
by cell swelling. Example results are shown in Fig. 8.21. These studies demonstrate
the possibility of using phase-based OCT implementations for performing detection
of fast, nanoscale biological processes.

8.5 Conclusion

Phase microscopy techniques have grown in importance as biological studies have
evolved to probe cellular dynamics and structure. SDPM is one technique that has
been developed to enhance these studies, providing non-invasive, depth-resolved,
real-time phase measurements that can quantitatively be correlated to changes in
the index of refraction or the structural properties of the cell.

Future work on SDPM will involve the application of faster data acquisition tech-
niques to image phenomena occurring on faster time scales. Faster imaging will also
help to eliminate phase wrapping artifacts and will enable volume acquisitions to
capture complete cellular dynamics. Techniques to enhance lateral resolution with
higher NA objectives will be helpful for increasing the utility of nanometer-scale
phase measurements.
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Chapter 9
Coherent Light Imaging and Scattering
for Biological Investigations

Huafeng Ding and Gabriel Popescu

Abstract Quantitative phase imaging (QPI) of live cells has received significant
scientific interest over the past decade or so, mainly because it offers structure and
dynamics information at the nanometer scale in a completely noninvasive manner.
Fourier transform light scattering (FTLS) relies on quantifying the optical phase and
amplitude associated with a coherent image field and propagating it numerically to
the scattering plane. It combines optical microscopy, holography, and light scatter-
ing for studying inhomogeneous and dynamic media. We present recent develop-
ments of QPI technology and FTLS for biological system structure and dynamics
study. Their applications are classified into static and dynamic according to their
temporal selectivity. Several promising prospects are discussed in the summary
section.

9.1 Introduction

Phase contrast (PC) and differential interference contrast (DIC) microscopy have
been used extensively to infer morphometric features of live cells without the
need for exogenous contrast agents [1]. These techniques transfer the information
encoded in the phase of the imaging field into the intensity distribution of the final
image. Thus, the optical phase shift through a given sample can be regarded as a
powerful endogenous contrast agent, as it contains information about both the thick-
ness and the refractive index of the sample. However, both PC and DIC are qualita-
tive in terms of optical path length measurement, i.e., the relationship between the
irradiance and the phase of the image field is generally nonlinear [2, 3].
Quantifying the optical phase shifts associated with cells gives access to informa-
tion about morphology and dynamics at the nanometer scale. Over the past decade,
the development of quantitative phase imaging techniques has received increased
scientific interest. Full-field phase measurement techniques provide simultaneous
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information from the whole image field on the sample, which has the benefit of
studying both the temporal and the spatial behavior of the biological system under
investigation [4-22]. With the recent advances in two-dimensional array detectors,
full-field phase images can now be acquired at high speeds (i.e., thousands of frames
per second). We review the recent developments in quantitative phase imaging
(QPI) and its applications to studying biological structures and dynamics.

Light scattering has emerged as an important approach in the field for studying
biological samples, as it is noninvasive, requires minimum sample preparation, and
extracts rich information about morphology and dynamic activity [23-31]. In light
scattering studies, by measuring the angular distribution of the scattered field, one
can infer quantitative information about the sample structure (i.e., its spatial distribu-
tion of refractive index). Light scattering by cells and tissues evolved as a dynamic
area of study, especially because this type of investigation can potentially offer a
noninvasive window into function and pathology [32-35]. We show that because of
the phase information, QPI is equivalent to a very sensitive light scattering measure-
ment, thus bridging the fields of imaging and scattering. This new approach to light
scattering, called Fourier transform light scattering (FTLS), is the spatial analog to
Fourier transform spectroscopy.

In this chapter, we review the main QPI methods and scattering measurements
by FTLS, which have been recently reported in the literature.

9.2 Quantitative Phase Imaging (QPI)

Recently, new quantitative phase imaging techniques have been recently devel-
oped for spatially resolved investigation of biological structures. Combining phase-
shifting interferometry with Horn microscopy, DRIMAPS (digitally recorded inter-
ference microscopy with automatic phase shifting) has been proposed as a new
technique for quantitative biology [4, 36]. This quantitative phase imaging tech-
nique has been successfully used for measuring cell spreading [5], cell motility
[6], and cell growth and dry mass [37]. A full-field quantitative phase microscopy
method was developed also by using the transport-of-irradiance equation [38, 39].
The technique is inherently stable against phase noise because it does not require
using two separate beams as in typical interferometry experiments. This approach
requires, however, recording images of the sample displaced through the focus and
subsequently solving numerically partial differential equations.

Digital holography has been developed a few decades ago [40] as a technique
that combines digital recording with traditional holography [41]. Typically, the
phase and amplitude of the imaging field are measured at an out-of-focus plane.
By solving numerically the Fresnel propagation equation, one can determine the
field distribution at various planes. For optically thin objects, this method allows for
reconstructing the in-focus field and, thus, retrieving the phase map characterizing
the sample under investigation. This method has been implemented in combination
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with phase-shifting interferometry [42]. More recently, digital holography has been
adapted for quantitative phase imaging of cells [11, 43, 44].

In recent years, new full-field quantitative phase imaging techniques have
been developed for studying live cells. The advance of Fourier phase microscopy
(FPM) [13, 45], Hilbert phase microscopy (HPM) [14, 15], and diffraction phase
microscopy (DPM) [16, 46] came in response to the need for high phase stability
over broad temporal scales. The principles of operation of these techniques and their
applications for cell biology are described below.

9.2.1 Fourier Phase Microscopy (FPM)

FPM combines the principles of phase contrast microscopy and phase-shifting inter-
ferometry, such that the scattered and unscattered light from a sample are used as
the object and reference fields of an interferometer, respectively. More details of
this experiment are presented elsewhere [13]. Here we present a brief description
of the experimental setup depicted in Fig. 9.1. The collimated low coherence field
from a superluminescent diode (SLD, center wavelength 809 nm and bandwidth 20
nm) is used as the illumination source for a typical inverted microscope. Through
the video port, the microscope produces a magnified image positioned at the image
plane IP. The lens L is positioned at the same plane IP and has a focal length
such that it collimates the zero spatial frequency field. The Fourier transform of
the image field is projected by the lens L, (50 cm focal distance) onto the surface
of a programmable phase modulator (PPM; Hamamatsu Photonics, model X8267).
This PPM consists of an optically addressed, two-dimensional liquid crystal array
with 768 x 768 active pixels. The polarizer P adjusts the field polarization in a
direction parallel to the axis of the liquid crystal. In this configuration, the PPM
produces precise control over the phase of the light reflected by its surface. The
PPM pixel size is 26 x 26 um?, whereas the dynamic range of the phase control is
8 bits over 2. In the absence of PPM modulation, an exact phase and amplitude
replica of the image field is formed at the CCD plane, via the beam splitter BS;.
For alignment purposes, a camera is used to image the surface of the PPM via the
beam splitter BS,. The PPM is used to controllably shift the phase of the scattered
field component U; (dotted line) in four successive increments of /2 with respect
to the average field Uy (solid line), as in typical phase-shifting interferometry mea-
surements [47]. The phase difference between U; and Uy is obtained by combining
four recorded interferograms as follows:

9.1

Ap(x,y) = tan”! [I(x’y; 3n/2) — 1(x,y;n/2)}

I(x,y;0)—1I(x,y;m)

where I (x, y; o) represents the irradiance distribution of the interferogram corre-
sponding to the phase shift «. If we define S(x,y) = |Ui(x, y)|/|Upl|, then the
phase associated with the image field U (x, y) can be determined
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Fig. 9.1 (a) FPM experimental setup. (b) Quantitative phase image of a phase grating. (¢) Tempo-
ral fluctuations of the path lengths associated with points A and B on the grating in (b)
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The amplitude ratio B8 contained in (9.2) can be obtained from the four frames,
taking into account that 84_.¢0 = 0 [13]. The phase image retrieval rate is limited by
the refresh rate of the liquid crystal PPM, which in our case is 8§ Hz. However, this
acquisition rate is not limited in principle and can be further improved using a faster
phase shifter. In fact, we recently improved the data acquisition by approximately
two orders of magnitude [45].

We employed the procedure presented here to experimentally determine the spa-
tial phase modifications of a field propagating through various transparent media.
Figure 9.1b shows an example of such measurement, obtained for a transmission
phase grating. Using a 40 x (NA = 0.65) microscope objective, we retrieved the
spatially varying phase delay induced by this grating, which is made of glass with
the refractive index n = 1.51. The profile of the grating was measured by stylus
profilometry, and the height was found to be 570 £ 10 nm while its pitch had a
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value of 4 wm. This corresponds to a phase profile of height ¢ = 2.217 £ 0.039 rad.
As can be seen in Fig. 9.1b, the measurement correctly recovers the expected phase
distribution. Figure 9.1c shows the values of the reconstructed phase associated with
the points A and B indicated in Fig. 9.1b, as a function of time. The phase values
are averaged over an area that corresponds to 0.6 x 0.6 um? in the sample plane,
which is approximately the diffraction limit of the microscope. The values of the
standard deviation associated with the two points are 18 and 12 mrad, respectively,
which demonstrate the significant stability of the technique in the absence of active
stabilization. Interestingly, the phase stability of the measurement is actually better
when wet samples are studied [48].

9.2.2 Hilbert Phase Microscopy (HPM)

Hilbert phase microscopy (HPM) extends the concept of complex analytic signals
to the spatial domain and measures quantitative phase images from only one spatial
interferogram recording [14, 15]. Due to its single-shot nature, the HPM acquisition
time is limited only by the recording device and thus can be used to accurately quan-
tify nanometer-level path length shifts at the millisecond time scales or less, where
many relevant biological phenomena develop. The experimental setup is shown in
Fig. 9.2a. A HeNe laser (.. = 632nm) is coupled into a 1 x 2 single mode fiber
optic coupler and collimated on each of the two outputs. One output field acts as
the illumination field for an inverted microscope equipped with a 100x objective.
All the optical fibers are fixed to minimize phase noise. The tube lens is such that
the image of the sample is formed at the CCD plane via the beam splitter cube.
The second fiber coupler output is collimated and expanded by a telescopic system
consisting of another microscope objective and the tube lens. This reference beam
can be approximated by a plane wave, which interferes with the image field. The
reference field is tilted with respect to the sample field such that uniform fringes are
created at an angle of 45° with respect to x- and y-axes. The CCD used (C7770;
Hamamatsu Photonics) has an acquisition rate of 291 frames/s at the full resolution
of 640 x 480 pixels, at 1-1.5 ms exposure time. The fringes are sampled by 6 pix-
els per period. The spatial irradiance associated with the interferogram across one
direction is given by

1(x) = Ig + Is(x) 4+ 2y/Ir Is(x) cos [gx + ¢ (x)] (9.3a)

where Ir and I are, respectively, the reference and sample irradiance distributions,
q is the spatial frequency of the fringes, and ¢ is the spatially varying phase asso-
ciated with the object, the quantity of interest in our experiments. Using high-pass
spatial filtering and Hilbert transformation, the quantity ¢ is retrieved in each point
of the single-exposure image [14].

To exemplify the ability of the new instrument to perform live-cell dynamic mor-
phometry at the millisecond and nanometer scales, we obtained time-resolved HPM
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Fig. 9.2 (a) HPM experimental setup. (b) HPM image of a droplet of blood. (¢) The histogram of
standard deviations associated with a region in the field of view containing no cells. Adapted with
permission from [15] © SPIE 2005

images of red blood cells (RBCs). Droplets of whole blood were simply sandwiched
between coverslips, with no additional preparation. Figure 9.2b shows a quantitative
phase image of live blood cells; both isolated and agglomerated erythrocytes are eas-
ily identifiable. A white blood cell (WBC) is also present in the field of view. Using
the refractive index of the cell and surrounding plasma of 1.40 and 1.34, respectively
[49], the phase information associated with the RBCs is translated into nanometer
scale image of the cell topography. The assumption of optical homogeneity of RBC
is commonly used [50, 51] and justified by the knowledge that cellular content con-
sists mainly of hemoglobin solution. In order to eliminate the longitudinal noise
between successive frames, each phase image was referenced to the average value
across an area in the field of view containing no cells (denoted in Fig. 9.2b by
R). To quantify the residual noise of the instrument in a spatially relevant way, we
recorded sets of 1000 images, acquired at 10.3 ms each and analyzed the path length
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fluctuations of individual points within a 100 x 100 pixel area (denoted in Fig. 9.2b
by O). The path length associated with each point in O was averaged over 5 x 5
pixels, which approximately corresponds to the dimensions of the diffraction limit
spot. The histogram of the standard deviations associated with all the spots within
region O is shown in Fig. 9.2c. The average value of this histogram is indicated. This
noise assessment demonstrates that our HPM instrument is capable of providing
quantitative information about structure and dynamics of biological systems, such
as RBCs, at the nanometer scale. Recently, an active feedback loop has been added
to the HPM system, which further improved the stability of the instrument [52].

9.2.3 Diffraction Phase Microscopy (DPM)

Diffraction phase microscopy (DPM) is a novel quantitative phase imaging tech-
nique that combines the single-shot feature of HPM with the common path geometry
associated with Fourier phase microscopy [13]. As aresult, DPM is characterized by
the significant stability of the common path interferometers, while operating at high
acquisition speeds, limited only by the detector. The experimental setup is shown in
Fig. 9.3a. The second harmonic radiation of a Nd: YAG laser (A = 532 nm) was used
as illumination for an inverted microscope (Axiovert 35; Carl Zeiss Inc.), which pro-
duces the magnified image of the sample at the output port. The microscope image
appears to be illuminated by a virtual source point VPS. A relay lens RL was used
to collimate the light originating at VPS and replicate the microscope image at the
plane IP. A phase grating G is placed at this image plane, which generates multiple
diffraction orders containing full spatial information about the image. The goal is to
select two diffraction orders (Oth and 1st) that can be further used as reference and
sample fields, respectively, as in Mach—Zehnder interferometer geometries. In order
to accomplish this, a standard spatial filtering lens system L|—L is used to select the
two diffraction orders and generate the final interferogram at the CCD plane. The Oth
order beam is low-pass filtered using the spatial filter SF positioned in the Fourier
plane of L1, such that at the CCD plane it approaches a uniform field. The spatial
filter allows passing the entire frequency content of the Ist diffraction order beam
and blocks all the other orders. The 1st order is thus the imaging field, and the Oth
order plays the role of the reference field. The two beams traverse the same optical
components, i.e., they propagate along a common optical path, thus significantly
reducing the longitudinal phase noise. The direction of the spatial modulation was
chosen at an angle of 45° with respect to the x- and y-axes of the CCD, such that
the total field at the CCD plane has the form

E(x,y) = |Eg| el®TBCD] 1B (x, y)| e (9.3b)

In (9.3b), E(M! and ¢ 1 are the amplitudes and the phase, respectively, of the
orders of diffraction 0, 1, while 8 represents the spatial frequency shift induced
by the grating to the Oth order. Note that, as a consequence of the central ordinate
theorem, the reference field is proportional to the spatial average of the microscope
image field
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Fig. 9.3 (a) DPM experimental setup. (b) DPM image of a blood droplet. (¢) Temporal path length
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where A is the total image area. The spatial average of an image field has been
successfully used before as a stable reference for extracting spatially resolved phase
information [13].

The CCD (C7770; Hamamatsu Photonics) has an acquisition rate of 291 frames/s
at the full resolution of 640 x 480 pixels. To preserve the transverse resolution of the
microscope, the spatial frequency g is chosen to match or exceed the maximum fre-
quency allowed by the numerical aperture of the instrument. Throughout our experi-
ments, the microscope was equipped with a 40x (0.65 NA) objective, which is char-
acterized by a diffraction-limited resolution of 0.4 um. The microscope-relay lens
combination produces a magnification of about 100, thus the diffraction spot at the
grating plane has a size of approximately 40 wm. The grating pitch is 20 pm, which
allows taking advantage of the full resolution given by the microscope objective.
The L1—L lens system has an additional magnification of f>/f] = 3, such that the
sinusoidal modulation of the image is sampled by 6 CCD pixels per period. The spa-
tially resolved quantitative phase image associated with the sample is retrieved from
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a single CCD recording via a spatial Hilbert transform, as described in Sect. 9.2.2.
and in [14].

In order to demonstrate the inherent stability of the system and ability to image
live cells, we imaged droplets of whole blood sandwiched between coverslips, with
no additional preparation. Figure 9.3b shows a quantitative phase image of live
blood cells, where the normal, discocyte shape can be observed. To quantify the sta-
bility of the DPM instrument and thus the sensitivity of cell topography to dynamical
changes, we recorded sets of 1000 no-sample images, acquired at 10.3 ms each and
performed noise analysis on both single points and entire field of view. The spatial
standard deviation of the path length associated with the full field of view had a
temporal average of 0.7 nm and a temporal standard deviation of 0.04 nm, as shown
in Fig. 9.3c. Also shown in Fig. 9.3c is the temporal path length trace of an arbitrary
point (3 x 3 pixel average), characterized by a standard deviation of 0.53 nm. Thus,
DPM provides quantitative phase images which are inherently stable to the level of
sub-nanometer optical path length and at an acquisition speed limited only by the
detector. Recently, DPM has been combined with epifluorescence microscopy to
simultaneously image, for the first time, both the nanoscale structure and dynamics
and the specific functional information in live cells [46].

9.2.4 Applications of QPI

The full-field quantitative phase imaging techniques presented here are suitable
for all cell visualization and morphometric applications associated with tradi-
tional microscopy techniques, e.g., bright field, dark field, phase contrast and
Nomarski/DIC. In the following, we present several cell biology applications that
are specific to quantitative phase imaging methods. The classification is with respect
to the time scale of cell imaging.

9.2.4.1 Red Blood Cell Volumetry

Phase contrast microscopy [50] and reflection interference contrast microscopy
[51] have been used previously to measure dynamic changes in RBC shape. Such
nanoscale topographic information offers insight into the biophysical properties and
health state of the cell. However, these methods are not inherently quantitative.
Thus, 3D quantitative erythrocyte shape measurements have been limited to atomic
force and scanning electron microscopy. Nevertheless, due to the heavy sample
preparation required by these methods prior to imaging, their applicability to study-
ing cells in physiological conditions has been limited [53, 54].

Mature erythrocytes represent a very particular type of structure; they lack nuclei
and organelles and thus can be modeled as optically homogeneous objects, i.e., they
produce local optical phase shifts that are proportional to their thickness. There-
fore, measuring quantitative phase images of red blood cells provides cell thickness
profiles with an accuracy that corresponds to a very small fraction of the optical
wavelength. Using the refractive index of the cell and surrounding plasma of 1.40
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and 1.34, respectively [49], the phase information associated with the RBCs can
be easily translated into nanometer scale image of the cell topography. An exam-
ple of nanometer scale topography of red blood cell quantified by Hilbert phase
microscopy is shown in Fig. 9.4a. The thickness profile of the cell, i (x, y), relates
to the measured phase, ¢ (x, y), as h(x,y) = (A/2mrAn)¢(x,y), where An is
the refractive index contrast between the hemoglobin contained in the cell and the
surrounding fluid (plasma). The cell thickness profile obtained by this method is
shown in Fig 9.4b. The volume of individual cells can be measured from the HPM
data as V = [ h(x, y)dxdy. Figure 9.4c depicts the volume of RBC measured by
HPM during spontaneous hemolysis, i.e., after the membrane ruptured and the cell
started to lose hemoglobin. This result demonstrates the ability of quantitative phase
imaging to provide RBC volumetry without the need for preparation. It represents
a significant advance with respect to current techniques that require the cells to be
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Fig. 9.4 (a) HPM image of a normal RBC. (b) Cell profile across two directions. (¢) Cell volume
as a function of time during hemolysis that starts at approximately + = 300 ms. Adapted with
permission from [15] © SPIE 2005
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prepared such that they assume spherical shapes [55]. The errors in the volume
measurement due to changes in refractive index are not likely to be significant.
Spatial inhomogeneities of the imaging fields may affect the accuracy of the volume
measurement, and this influence was minimized by accurately spatially filtering and
collimating the beams.

9.2.4.2 Cell Dry Mass

Several decades ago, it has been shown that the optical phase shift through the cells
is a measure of the cellular dry mass content [56, 57]. Optical interferometry pro-
vides access to the phase information of a given transparent sample; the main chal-
lenge is to suppress the environmental noise, which hinders the ability to measure
optical path length shifts quantitatively.

DRIMAPS employs Horn microscopy and phase-shifting interferometry to mea-
sure phase images from biological samples. The potential of DRIMAPS for studying
cell growth has been demonstrated [6]. This technique, however, is not stable against
phase noise, which limits its applicability to studying cell dynamics. Although other
quantitative phase imaging techniques have been reported [7, 58], their potential for
analysis of cellular dry mass has not been evaluated, to our knowledge.

In order to quantify cell dry mass, we employed Fourier phase microscopy
described in Sect. 9.2.1. It was shown that FPM provides quantitative phase images
of live cells with high transverse resolution and low noise over extended periods
of time. The general expression for the spatially resolved quantitative phase images
obtained from a cell sample is given by

5 h(x,y)
/2
0

In (9.5), A is the wavelength of light, % is the local thickness of the cell, and
no is the refractive index of the surrounding liquid. The quantity n? is the refractive
index of cellular material, which is generally an inhomogeneous function in all three
dimensions. Without loss of generality, (9.5) can be rewritten in terms of an axially
averaged refractive index n., as

2
o(x.y) = 7” [ne(x. y) — no] h(x, y) 9.6)

However, it has been shown that the refractive properties of a cell composed
mainly of protein has, to a good approximation, a simple dependence on protein
concentration [56, 57]

ne(x,y) =no+aC(x,y) 9.7

In (9.7), « is referred to as the refraction increment (units of ml/g) and C is the
concentration of dry protein in the solution (in g/ml). Using this relationship, the dry
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mass surface density o of the cellular matter is obtained from the measured phase
map as

A
oY) = 9x. ) 9.8)

In order to illustrate the potential of FPM for measuring the dry mass distribution
of live cells, we used the FPM instrument for imaging confluent monolayers of
HeLa cells [59]. Figure 9.5 shows an example of the dry mass density distribution o
(units of pg/jLm?) obtained from nearly confluent HeLa cells. In applying (9.8), we
used « = 0.2ml/g for the refraction increment, which corresponds to an average
of reported values [56]. Quantitative information about the dry mass of the cells
thus allows investigation of cell movement, growth, or shape change in a totally
noninvasive manner. In order to quantify the phase stability of the instrument, we
recorded 240 phase images over 2 h from a cell sample that contained regions with
no cells. We measured the path length standard deviation of each pixel within a
15 x 15 wm? region. The average of these standard deviations had a value of 0.75
nm, which indicates that the sensitivity for changes in dry mass surface density has
a value of 3.75 fg/jum?.

0.5 1.0 15
Std. dev. [nm]

Fig. 9.5 (a) Dry mass density distribution o (x, y) obtained using FPM. The color bar has units of
picograms/pm?. (b) Histogram of the path length standard deviation corresponding to the pixels
within the 15 x 15 wm? selected area shown in inset. The color bar of the inset indicates optical
path length in units of nanometers, which sets the ultimate sensitivity to dry mass changes to
4 fg/ium?. Adapted with permission from [59] © APS 2008
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9.2.4.3 Cell Growth

Quantitative knowledge about this phenomenon can provide information about cell
cycling, functioning, and disease [60, 61]. We employed Fourier phase microscopy
(FPM) to quantify the changes in dry mass of HeLa cells in culture. Data containing
time-resolved FPM images were acquired at a rate of four frames a minute over
periods of up to 12 h, and the dry mass surface density information was extracted as
presented above. Each cell fully contained in the field of view was segmented using a
MATLAB program based on iterative image thresholding and binary dilation, which
was developed in our laboratory. Figure 9.6a shows the segmented images of the
four cells shown in Fig. 9.5. We monitored the total dry mass of each cell over a
period of 2 h. The results are summarized in Fig. 9.6b. Cell 4 exhibits linear growth,
as does cell 1, although it is reduced by a factor of almost 5. In contrast, cell 2
shows virtually no change in mass, while cell 3 appears to exhibit a slight oscillatory
behavior, the origin of which is not clearly understood. These results demonstrate
the capability of FPM to quantify small changes in cell mass and therefore monitor
in detail the evolution of cell cycle and its relationship with function.

9.2.4.4 Cell Membrane Fluctuations

Because RBCs have a relatively simple structure [62, 63], they represent a conve-
nient model for studying cell membranes, which have broad applications in both
science and technology [64, 65]. The lipid bilayer is 4-5 nm thick and exhibits
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Fig. 9.6 (a) Images of the cells segmented from Fig. 9.1, as indicated. (b) Temporal evolution of
the total dry mass content for each cell. The solid lines for cells 1 and 4 indicate fits with a linear
function. The values of the slope obtained from the fit are indicated. Adapted with permission from
[59] © APS 2008
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fluid-like behavior, characterized by a finite bending modulus « and a vanishing
shear modulus u = 0. The resistance to shear, crucial for RBC function, is provided
by the spectrin network, which has a mesh size of ~80 nm. Spontaneous membrane
fluctuations, or “flickering,” have been modeled theoretically under both static and
dynamic conditions in an attempt to connect the statistical properties of the mem-
brane displacements to relevant mechanical properties of the cell [50, 66—69]. These
thermally induced membrane motions exhibit 100 nm scale amplitudes at frequen-
cies of tens of Hertz. In past studies, measurements of the membrane mean squared
displacement vs. spatial wave vector, Au’(q), revealed a ¢ —* dependence predicted
by the equipartition theorem, which is indicative of fluid-like behavior [50, 51,
70-72]. These results conflict with the static deformation measurements provided
by micropipette aspiration [73, 74], high-frequency electric fields [75, 76], and,
more recently, optical tweezers [77], which indicate an average value for the shear
elasticity of the order of ;& ~ 107°J / m?. Gov et al. predicted that the cytoskeleton
pinning of the membrane has an overall effect of confining the fluctuations and,
thus, gives rise to superficial tension much larger than in the case of free bilayers
[66]. This confinement model may offer new insight into the cytoskeleton—bilayer
interaction that determines the morphology and physiology of the cell [78].

Existing optical methods for studying RBC dynamics, including phase contrast
microscopy (PCM) [50], reflection interference contrast microscopy (RICM) [51],
and fluorescence interference contrast (FLIC) [79], are limited in their ability to
measure cell membrane displacements. It is well known that PCM provides phase
shifts quantitatively only for samples that are optically much thinner than the wave-
length of light, which is a condition hardly satisfied by any cell type. Similarly, a
single RICM measurement cannot provide the absolute cell thickness unless addi-
tional measurements or approximations are made [80]. FLIC relies on inferring the
absolute position of fluorescent dye molecules attached to the membrane from the
absolute fluorescence intensity, which may limit both the sensitivity and the acquisi-
tion rate of the technique [79]. Thus, none of these techniques is suitable for making
spatially resolved measurements of the dynamics of cell membrane fluctuations and
testing the hypothesis of Gov et al.

We performed highly sensitive experimental measurements of thermal fluctua-
tions associated with RBCs under different morphological conditions. The results
reveal the effect of the cytoskeleton on the RBC fluctuations and support the model
proposed by Gov et al. In order to quantify membrane fluctuations at the nanometer
and millisecond scales with high transverse resolution, we developed a new quan-
titative phase imaging technique. The method combines Hilbert phase microscopy
(HPM) [14, 15] with an electronic stabilization feedback loop and is referred to as
the stabilized Hilbert phase microscopy (sHPM) [52].

Our samples were primarily not only composed of RBCs with typical disco-
cytic shapes but also contained cells with abnormal morphology which formed
spontaneously in the suspension, such as echinocytes, with a spiculated shape,
and spherocytes, approaching a spherical shape. By taking into account the free
energy contributions of both the bilayer and the cytoskeleton, these morphological
changes have been successfully modeled [78]. Figure. 9.7a—c shows typical sHPM
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Fig. 9.7 sHPM images of a discocyte (a), echinocyte (b), and spherocyte (¢). The color bar shows
thickness in microns. (d) Mean squared displacements for the three RBC groups and for the gluter-
aldehyde (GA)-fixed cells. Adapted with permission from [52] © APS 2006
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images of cells in these three groups. For comparison, we also analyzed the motions
of RBCs fixed with 40 uM gluteraldehyde, using a standard procedure [81]. The
resultant mean squared displacements, Au?(g), for each group of four to five cells
are summarized in Fig. 9.7d. The fixed cells show significantly diminished fluc-
tuations, as expected. The curves associated with the three untreated RBC groups
exhibit a power law behavior with an exponent « = 2. As in the case of vesicles,
this dependence is an indication of tension; however, the RBC tension is deter-
mined by the confinement of the bilayer by the cytoskeleton [66, 8§2]. Based on
this model, we fitted the data to extract the tension coefficient for each individual
cell. The average values obtained for the discocytes, echinocytes, and spherocytes
are, respectively, o = (1.54+0.2) - 107%J /m?, o = (4.05+ 1.1) - 107°J / m?, and
o = (8.25+1.6) - 107°J/ m?. The tension coefficient of red blood cells is 424
times larger than what we measured for vesicles, which suggests that the contribu-
tion of the cytoskeleton might be responsible for this enhancement. Further, it is
known that the cytoskeleton plays a role in the transitions from a normal red blood
cell shape to abnormal morphology, such as echinocyte and spherocyte [78]. There-
fore, the consistent increase in tension we measured for the discocyte—echinocyte—
spherocyte transition can be explained by changes in the cytoskeleton, which pins
the bilayer. These findings support the hypothesis that the fluctuations are laterally
confined by a characteristic length, & = 2w/« /o, which is much smaller than the
cell size [66]. Compared to other optical techniques used for studying membrane
fluctuations, the sHPM technique used here is quantitative in terms of membrane
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topography and displacements, highly sensitive to the nanoscale membrane motions,
and provides high transverse resolution.

9.3 Fourier Transform Light Scattering (FTLS)

Light scattering techniques provide information that is intrinsically averaged over
the measurement volume. Thus, the spatial resolution is compromised, and the
scattering contributions from individual component are averaged. Particle tracking
microrheology has been recently proposed to measure the particle displacements in
the imaging (rather than scattering) plane [83, 84], in which the spatial resolution
is reserved. However, the drawback is that relatively large particles are needed such
that they can be tracked individually, which also limits the throughput required for
significant statistical average. As discussed in the previous section, phase-sensitive
methods have been employed to directly extract the refractive index of cells and
tissues [85, 86]. From this information, the angular scattering can be achieved via
the Born approximation [87].

With consideration of the limitations of the techniques above, Fourier transform
light scattering (FTLS) was recently developed as an approach to study light scat-
tering from biological samples based on DPM [16]. FTLS combines the high spatial
resolution associated with optical microscopy and intrinsic averaging of light scat-
tering techniques [88]. DPM is stable in optical path length to the sub-nanometer
level due to its common path interferometric geometry. This feature allows FTLS
perform studies on static and dynamic samples with extraordinary sensitivity.

9.3.1 Principle of FTLS

FTLS system requires accurate phase retrieval for elastic light scattering (ELS) mea-
surements and, in addition, fast acquisition speed for DLS studies [88]. Figure 9.8
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Fig. 9.8 FTLS experimental setup. BS, beam splitter; S, sample; O, objective lens; M, mirror; TL,
tube lens; I, iris; G, grating; SF, spatial filter; L; and L», lenses. Adapted with permission from
[35] © OSA 2009
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depicts our experimental setup that satisfies these requirements by incorporating a
common path interferometer (DPM) with a commercial computer-controlled micro-
scope. The phase retrieval principle and operation for DPM were described in
Sect. 9.2.3. In this FTLS setup, the two beams propagate along a common optical
path, thus significantly reducing the longitudinal phase noise. The direction of the
spatial modulation is along the x-axis, such that the total field at the CCD plane has
the form [16]

U(x,y) = [Up| @) Uy (x, y)| P &) 9.9)

In (9.9), U0,1| and ¢, are the amplitudes and the phases, respectively, of the
orders of diffraction 0, 1, while 8 represents the spatial frequency shift induced by
the grating to the Oth order. To preserve the transverse resolution of the microscope,
the spatial frequency B exceeds the maximum frequency allowed by the numerical
aperture of the instrument. The L{—L, lens system has an additional magnification
of f2/fi = 5, such that the sinusoidal modulation of the image is sampled by 4
CCD pixels per period. The obtained interferograms were used to calculate the phase
information of the objects. The interferogram is spatially high-pass filtered to isolate
the cross term

|Uol 1U1(x, y) cos [¢1(x, y) — ¢o — Bx] (9.10)

which can be regarded as the real part of a complex analytic signal. The imaginary
component, sin [¢ (x,y) —¢o — ,3)6], is obtained via a spatial Hilbert transform [14,
16, 52]. Thus, from a single CCD exposure, we obtain the spatially resolved phase
and amplitude associated with the image field. From this image field information U,
the complex field can be numerically propagated at arbitrary planes; in particular,
the far-field angular scattering distribution U can be obtained simply via a Fourier
transformation [88]

Uq,t) = / U(r, t)e 97¢%r 9.11)

With time lapse image acquisition, the temporal scattering signals are recorded
and the sampling frequency is only limited by the speed of the camera. The power
spectrum is obtained through Fourier transform of this time-resolved scattering
signals.

9.3.2 Applications of FTLS

FTLS provides high-sensitivity light scattering study by taking optical phase
and amplitude measurements at the image plane. Due to the interferometric
experimental geometry and the reliable phase retrieval, spatial resolution of the
scatterer positions is well preserved for FTLS. FTLS has been applied to study
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the tissue optical properties, cell type characterization, dynamic fluctuations of cell
membrane, and cell actin dynamics.

9.3.2.1 Elastic (Static) FTLS Tissues

Upon propagation through inhomogeneous media such as tissues, optical fields suf-
fer modifications in terms of irradiance, phase, spectrum, direction, polarization,
and coherence, which can reveal information about the sample of interest. We use
FTLS to extract quantitatively the scattering mean free path /s and anisotropy factor
g from tissue slices of different rat organs [35]. This direct measurement of tissue
scattering parameters allows predicting the wave transport phenomena within the
organ of interest at a multitude of scales. The scattering mean free path /g was
measured by quantifying the attenuation due to scattering for each slice via the
Lambert-Beer law, [ = —d/In[I(d)/Iy], where d is the thickness of the tissue,
1(d) is the irradiance of the unscattered light after transmission through the tissue,
and Iy is the total irradiance, i.e., the sum of the scattered and unscattered compo-
nents. The unscattered intensity 7 (d), i.e., the spatial DC component, is evaluated
by integrating the angular scattering over the diffraction spot around the origin. The
resulting /s values for 20 samples for each organ, from the same rat, are summarized
in Fig. 9.9a.
The anisotropy factor g is defined as the average cosine of the scattering angle

1

1
g= /cos(@)p[cos(@)]d[cos(@)]/ plcos(0)]d[cos(0)] 9.12)
—1 -1

where p is the normalized angular scattering, i.e., the phase function. Note that,
since (9.11) applies to tissue slices of thickness d < I, it cannot be used directly in
(9.12) to extract g since g values in this case will be thickness dependent. This is so
because the calculation in (9.12) is defined over tissue of thickness d = [, which
describes the average scattering properties of the tissue (i.e., independent of how
the tissue is cut). Under the weakly scattering regime of interest here, this angular
scattering distribution p is obtained by propagating the complex field numerically
through N = [/d layers of d = 5 pm thickness [35],

2

p(@) ' / / [0V T ©.13)

Equation (9.13) applies to a slice of thickness /. It reflects that, by propagating
through N weakly scattering layers of tissue, the total phase accumulation is the
sum of the phase shifts from each layer, as is typically assumed in phase imaging
of transparent structures [89]. The angular scattering distribution, or phase function,
p(6) is obtained by performing azimuthal averaging of the scattering map, p(q),
associated with each tissue sample. The maximum scattering angle was determined
by the numeric aperture of the objective lens, and it is about 18° for our current
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correspond to the standard deviations (N = 20). (d—f) The typical angular scattering plots of
different rat organs. The dashed lines indicate fits with the G-K phase function. Adapted with
permission from [35] © OSA 2009

setup (10x objective applied for tissue study). The angular scattering data were
further fitted with Gegenbauer Kernel (GK) phase function [90]

(1 _ g2)2a

P@O)=ag-
7 [1+4 2 —2gcos@®)] TV [(1 + 902 — (1 — 9)%]

(9.14)

Note that g can be estimated directly from the angular scattering data via its defi-
nition (9.12). However, because of the limited angular range measured, g tends to be
overestimated by this method, and, thus, the GK fit offers a more reliable alternative
than the widely used Henyey—Greenstein (HG) phase function with the parameter
a = 1/2. The representative fitting plots for each sample are shown in Fig. 9.9d—f.
The final values of g are included in Fig. 9.9b and agree very well with previous
reports in the literature [91]. From these measurements of thin, singly scattering
slices, we inferred the behavior of light transport in thick, strongly scattering tissue.
Thus the transport mean free path, which is the renormalized scattering length to
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account for the anisotropic phase function, can be obtained as [* = [;/(1-g). The [*
values for 20 samples from each organ are shown in Fig. 9.9¢.

In order to extend the FTLS measurement toward extremely low scattering
angles, we scanned large fields of view by tiling numerous high-resolution micro-
scope images [88]. Figure 9.10a presents a quantitative phase map of a 5-pm-thick
tissue slice obtained from the breast of a rat model by tiling ~1000 independent
images. This 0.3-giga pixel composite image is rendered by scanning the sample
with a 20 nm precision computerized translation stage. The phase function associ-
ated with this sample is shown in Fig. 9.10b. We believe that such a broad angular
range, of almost three decades, is measured here for the first time and cannot be
achieved via any single measurement. Notably, the behavior of the angular scatter-
ing follows power laws with different exponents, as indicated by the two dashed
lines. This type of measurements over broad spatial scales may bring new light
into unanswered questions, such as tissue architectural organization and possible
self-similar behavior [92].
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Fig. 9.10 (a) Terra-pixel quantitative phase image of a mouse breast tissue slice. Color bar indi-
cates phase shift in radians. (b) Angular scattering from the tissue in a. The inset shows the 2D scat-
tering map, where the average over each ring corresponds to a point in the angular scattering curve.
The dashed lines indicate power laws of different exponents. Reprinted figure with permission from
[88] © 2008 by the American Physical Society. http://prl.aps.org/abstract/PRL/v101/i23/e238102
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The results above showed that FTLS can quantify the angular scattering prop-
erties of thin tissues, which thus provides the scattering mean free path /g and
anisotropy factor g for the macroscopic (bulk) organ. We note that, based on the
knowledge of I, g, and [*, one can predict the outcome of a broad range of scattering
experiments on large samples (size >> [*), via numerical solutions to the transport
equation or analytical solutions to the diffusion equation. We envision that the FTLS
measurements of unstained tissue biopsies, which are broadly available, will provide
not only diagnosis value but also possibly the premise for a large scattering database,
where various tissue types, healthy and diseased, will be fully characterized in terms
of their scattering properties.

9.3.2.2 Elastic (Static) FTLS Cells

Light scattering investigations can noninvasively reveal subtle details about the
structural organization of cells [29, 30, 93-96]. We employed FTLS to measure
scattering phase functions of different cell types and demonstrate its capability as
a new modality for cell characterization [97]. In order to demonstrate the poten-
tial of FTLS for cell sorting based on the rich scattering signals that it provides,
we retrieved the scattering phase functions from three cell groups (Fig. 9.11a—c):
red blood cells, myoblasts (C2C12), and neurons. Figure 9.11d—f shows the angu-
lar scattering distributions associated with these samples. For each group, we per-
formed measurements on different fields of view. Remarkably, FTLS provides these
scattering signals over approximately 35° (40x objective applied for cell study) in
scattering angle and several decades in intensity. For comparison, we also measured
the scattering signature of the background (i.e., culture medium with no cells in the
field of view by using threshold), which incorporates noise contributions from the
beam inhomogeneities, impurities on optics, and residues in the culture medium.
These measurements demonstrate that FTLS is sensitive to the scattering signals
from single cells, which contrast to previous measurements on cells in suspensions.
Subtle details of the cell structures may be washed in studies on suspensions since
the signals are averaged over various cell orientations.

We analyzed our FTLS data with a statistical algorithm based on the princi-
pal component analysis (PCA) aimed at maximizing the differences among the
cell groups and providing an automatic means for cell sorting [98]. This statis-
tical method mathematically transforms the data to a new coordinate system to
illustrate the maximum variance by multiplying the data with the chosen individ-
ual vectors. Our procedure can be summarized as follows. First, we average the

n(n = 1,...,45) measurements for the three cell types (15 measurements per

group), to obtain the average scattered intensity, I (6,,) = s > I(6n), with
n=1,...,45

m = 1,...,35 denoting the number of scattering angles. Second, we generate

a matrix AY,,, of variances, where n indexes the different measurements and m
the scattering angles. The covariance matrix associated with AY, Cov(AY), is cal-
culated and its eigenvalues and eigenvectors extracted. The three principal com-
ponents are obtained by retaining three eigenvectors corresponding to the largest
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Fig. 9.11 Quantitative phase images of red blood cells (a), C2C12 cell (b), and neuron (c); the
scale bar is 4 um and the color bar indicates phase shift in radians. (d—f) Respective scattering
phase functions measured by FTLS [97] © ASP 2010

eigenvalues. In order to build the training set, 45 measurements (i.e., 15 per cell
type) were taken and processed following the procedures described above.

Figure 9.12 shows a representation of the data where each point in the plot is
associated with a particular FTLS measurement. In addition to the 15 measurements
per group for the training sets, we performed, respectively, 15, 15, and 10 test mea-
surements for neurons, RBCs, and C2C12 cells. The additional test measurements
allowed us to evaluate the sensitivity and specificity of assigning a given cell to
the correct group [99]. We obtained sensitivity values of 100, 100, and 70% and
specificities of 100, 88, and 100% for RBCs, neurons, and C2C12 cells, respectively.

We demonstrated here that FTLS can be used to differentiate between various
cell types. Due to the particular imaging geometry used, scattering phase functions
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Neurons

PCA3

Fig. 9.12 PCA of the experimental data for the three cell types, as indicated. Solid filled symbols
are the training sets of these three different biological samples included inside three ellipses. The
symbols with “+” sign in the middle are the testing measurements for each sample [97] © ASP
2010

associated with single cells can be retrieved over a broad range of angles. This
remarkable sensitivity to weak scattering signals may set the basis for a new gener-
ation of cytometry technology, which, in addition to the intensity information, will
extract the structural details encoded in the phase of the optical field. FTLS may
improve on fluorescence-based flow cytometry as it operates without the need for
exogenous tags.

9.3.2.3 Quasi-elastic (Dynamic) FTLS of Cell Membrane Fluctuations

Quasi-elastic (dynamic) light scattering is the extension of ELS to dynamic inhomo-
geneous systems [100]. The temporal fluctuations of the optical field scattered at a
particular angle by an ensemble of particles under Brownian motion relate to the dif-
fusion coefficient of the particles. More recently, microrheology retrieves viscoelas-
tic properties of complex fluids over various temporal and length scales, which is
subject to sustained current research especially in the context of cell mechanics
[101-105]. We employed FTLS to study red blood cell membrane fluctuations.
To our knowledge, prior experimental investigations of light scattering by RBCs
have been limited to measurements in suspension, where the signal is averaged over
many cells and orientations. In this section, we briefly discussed the application of
FTLS to study the fluctuating membranes of RBCs [88]. To determine how the cell
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Fig. 9.13 (a) Histogram of the path length displacements of a RBC. The inset is the phase
image. (b) Dynamics FTLS of RBCs: log-log power spectra at 5° and 15° with the respec-
tive power law fits, as indicated. The inset shows one RBC phase image from the time
sequence. Reprinted figure with permission from [88] © 2008 by the American Physical Society.
http://prl.aps.org/abstract/PRL/v101/i23/e238102

membrane flickering contributes to the dynamic light scattering of cells, RBCs from
healthy volunteer sandwiched with two glass coverslips were imaged via DPM by
acquiring 256 frames, at 20 frames per second, about 14 s. Figure 9.13a shows the
membrane displacement histograms of a RBC. The power spectrum in Fig. 9.13b
follows power laws with different exponents in time for all scattering angles (or,
equivalently, wave vectors). As expected, the slower frequency decay at larger g val-
ues indicates a more solid behavior, i.e., the cell is more compliant at longer spatial
wavelengths. Notably, the exponent of —1.36 of the longer wavelength (5° angle)
is compatible with the —1.33 value predicted by Brochard et al. for the fluctuations
at each point on the cell [50]. This is expected, as at each point the motions are
dominated by long wavelengths [66]. The dynamic FTLS studies of RBC rheology
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can be performed on many cells simultaneously, which is an advantage over the
previous flickering studies [50, 52, 71]. We believe that these initial results are
extremely promising and that the label-free approach proposed here for studying
cell dynamics will complement very well the existing fluorescence studies.

9.3.2.4 Quasi-elastic (Dynamic) FTLS of Cytoskeleton Dynamics

Recently, dynamic properties of cytoskeleton have been the subject of intense scien-
tific interest [106—116]. In particular, it has been shown that actin filaments play an
important role in various aspects of cell dynamics, including cell motility [107-109].
Previously, actin polymerization has been studied in real time by total reflection
fluorescence microscopy [110, 111]. In this section, we demonstrate that FTLS is
capable of sensing the spatiotemporal behavior of active (ATP-consuming) dynam-
ics due to f-actin in single glial cells as addressed previously [117]. This activity
is mediated by motor protein Myosin II and underlies diverse cellular processes,
including cell division, developmental polarity, cell migration, filopodial extension,
and intracellular transport.

We used FTLS to study the slow active dynamics of enteric glial cytoskeleton.
During the FTLS measurement, the cells were maintained under constant tempera-
ture at 37°C via the incubation system that equips the microscope. The sensitivity
of FTLS to actin dynamics was tested by controlling its polymerization activity.
In order to inhibit actin polymerization, Cytochalasin-D (Cyto-D), approximately
5 wM in Hibernate-A, was added to the sample dishes. Cyto-D is a naturally occur-
ring fungal metabolite known to have potent inhibitory action on actin filaments by
capping and preventing polymerization and depolymerization at the rapidly elon-
gating end of the filament. By capping this “barbed” end, the increased dissociation
at the pointed end continues to shorten the actin filament.

The established single-particle tracking method [118] was first applied to test the
efficacy of Cyto-D as actin inhibitor. With 1-pm diameter beads attached to the cell
membrane as probes, the dynamic property of the cell membrane was investigated.
Sets of 512 quantitative phase images of cells with beads attached were acquired at
1 frame/5 s, with a total acquisition time of 45 min. The x- and y- coordinates of the
tracked beads were recorded as a function of time, and the trajectories were used to
calculate the mean squared displacement (MSD) [119]

MSD(A?) = <[x(t + A —x(OP + [yt + A1) — y(t)]2> (9.15)

where < ... > indicates the average over time and also over all the tracked particles.
We recorded the displacements of the attached beads before and after treatment with
Cyto-D. The MSD results are summarized in Fig. 9.14. Each curve is the result of an
average over all the beads (N > 10) tracked under the same experimental condition.
The data for normal (before treatment) cells exhibit a power law trend over two
distinct temporal regions, separated at approximately rp = 215s. This change in
slope reflects a characteristic lifetime t associated with actin polymerization, which
is known to be in the minute range [120]. For both curves, the fit at t > 1 gives a
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Fig. 9.14 Tracking beads attached to the cell membrane: (a) bead trajectories before Cyto-D treat-
ment and (b) bead trajectories after drug treatment. (¢) Corresponding mean square displacement
of the tracked beads before (red) and after (blue) treatment. The fitting with a power law function
over two different time windows is indicated. The inset shows a quantitative phase image of a EGC
with 1-pm beads attached to the membrane. Adapted with permission from [117] © OSA 2010

power law of exponent approximately 1, indicating diffusive motion. However, the
membrane displacements for the untreated cells are a factor of 1.3 larger, consistent
with the qualitative observation of the particle trajectories. Thus, at long time, the
effect of actin on membrane dynamics is to enhance its motions without changing
its temporal statistics.

To determine how the actin cytoskeleton contributes to the dynamic light scat-
tering of cells alone, cells without beads were imaged via DPM by acquiring 512
frames, at 0.2 frames per second, over ~45 min, prior to and after Cyto-D appli-
cation, respectively (Fig. 9.15a, b). Figure 9.15¢ shows a comparison between the
membrane displacement histograms of a cell before and after the actin inhibitor. It is
evident from this result that the polymerization phenomenon is a significant contrib-
utor to the overall cell membrane dynamics, as indicated by the broader histogram
distribution. Further, both curves exhibit non-Gaussian shapes at displacements
larger than 10 nm, which suggests that the cell motions both before and after actin
inhibition are characterized by nonequilibrium dynamics. Figure 9.15d presents the
comparison of the spatially averaged power spectra associated with the FTLS signal
for a single cell, before and after treatment with the actin-blocking drug. The broader
power spectrum of the untreated cell membrane motions is consistent with the his-
togram distribution in Fig. 9.14c and also the particle tracking results. Further, both
frequency-averaged (statics) curves shown in Fig. 9.15e indicate similar functional
dependence on the wave vector ¢, but with enhanced fluctuations for the normal
cell, by a factor of ~3.4. One key feature of Fourier transform light scattering is its
ability to render simultaneous angular scattering from an entire range of angles.
Figure 9.16a—d shows the power spectrum of the fluctuations for the same cell
(shown in Fig. 9.15a, b) before and after the actin inhibition, as function of both
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Fig. 9.15 (a, b) Quantitative phase images of glial cell before and after Cyto-D treatment; (c)
histogram of the path-length displacements of a glial cell before and after drug treatment, as indi-
cated. The blue dashed line indicates the fit with a Gaussian function; (d) spatially averaged power
spectrum of glial cells before and after drug treatment, as indicated; (e) temporally averaged power
spectrum before and after drug treatment. The inset shows the ratio of the two spectra. Adapted
with permission from [117] © OSA 2010

frequency f (at two particular g-values) and wave vector ¢ (at two particular fre-
quencies w). After actin inhibition, the functional dependence of Au®(f) assumes
a Lorentzian shape and does not change notably with varying ¢, which contrasts
with the situation where the cell cytoskeleton is intact. This interesting behavior
can be seen in Fig. 9.16a, b, where the temporal power spectra at two particular
scattering angles (or wave vectors) are shown. These findings suggest that, as the
actin is disrupted, the dynamic scattering signal is most likely due to Brownian-like
membrane fluctuations. At frequencies f > 1/7¢ (Fig. 9.16¢), there is a significant
mismatch between the “before” and the “after” Auz(q) curves. On the other hand,
for f < 1/79 (Fig. 9.16d), the two dependencies look similar, with the normal cell
exhibiting consistently higher fluctuations.

The trends shown in Figs. 9.14, 9.15, and 9.16 support the idea of actin-mediated
membrane dynamics that is characterized by a time constant tp. Thus, we pro-
pose a physical model which captures the essence of our experimental results. We
assume that the cell membrane is under the influence of both Brownian motion and
actively driven displacements due to ATP-consuming actin polymerization activ-
ity. The membrane is under tension and connected to springs (actin filaments) that
undergo continuous remodeling. This picture has been applied successfully to the
active motions in red blood cell membranes [67, 121]. The Langevin equation for
the membrane fluctuations is [122]

u(g,t) +w(qulg,t) = Ag) f(q, 1) (9.16)
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Fig. 9.16 (a, b) Temporal power spectrum at two different scattering angles, as indicated. The
f~! and f~2 dependences are shown as reference; (c, d) spatial power spectrum at two different
frequencies, as indicated. Adapted with permission from [117] © OSA 2010

where u is the displacement of the membrane element, ¢ the spatial wave vector,
w(g) = (Kq3 +oq + y/q) /4n, k the bending modulus, o the tension modulus, y
the confinement factor, n the viscosity of the surrounding medium, f the random
force, and A(g) = 1/(4nq) is the Oseen hydrodynamic factor. The displacement
power spectrum can be obtained by Fourier transforming equation (9.16)

A If g o)

lu(q, w)|* = o + 0(@)? 9.17)

The instantaneous force has both Brownian and direct components, characterized
by their respective temporal correlations

(9.18)
(9.19)

(fBlg. 1) folq, 1 + 1)) = 2kgT8()/Alq)
o D foq.t + 1)) = 2akeT (717 27) /AGq)

In (9.18) and (9.19), fg is the Brownian (thermal) and fp the directed force,
assumed to exhibit an exponential temporal correlation, with the decay time tp
given by the actin polymerization lifetime. The angular brackets denote temporal
average such that < fg >=<fp >= 0. The factor « establishes the mean square
force fluctuations, i.e., « = 0 for Cyto-D-treated cells. Combining (9.17), (9.18),
and (9.19), we obtain for the displacement power spectrum
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2
(g, w2 = 2BTA@ [ @0 } (9.20)

o+ w(g)? w? + wp?

Remarkably, this simple model captures some essential features of the exper-
imental results as follows. First, the active term in (9.20) captures the increase
in the power spectrum at high frequencies (Fig. 9.15d). This is also evidenced in
Fig. 9.16¢c, where at a fixed (high) frequency we found enhanced fluctuation spec-
trum vs. g. Second, upon blocking actin polymerization with Cyto-D, i.e., ¢ — O,
lu(q)|* remains Lorentzian in shape for all ¢’s, as found in Fig. 9.16a, b. Third,
at long times (w0 <« ) the active term is featureless, i.e., the actin contribu-
tions are Brownian like and can be described by an increased effective temperature,
Tett = T [67]. In this case, the static behavior is obtained integrating (9.20) over
w, which yields

(@) = ksT (1 + ) / (Kq4 Yoq?+ y) 9.21)

This explains the similar functional dependence for the two curves in Fig. 9.15e,
resulting in a ratio « + 1 = 3.4. A similar trend was found at a fixed (low) fre-
quency, as shown in Fig. 9.16d. We fitted the two curves in Fig. 9.15e with (9.21)
and obtained a good agreement in the low ¢, tension-dominated region. The values
for o obtained from the fit are 5.18e—4 and 1.85e-3, respectively. Note that both
these values are approximately one to two orders of magnitude larger than those
measured in red blood cells [52]. Thus, the membrane fluctuation noise produced
by actin is equivalent to a decrease in surface tension or, equivalently, an increase in
effective temperature Tepp = 2.4 T

We believe that these initial results are extremely promising and that the label-
free approach proposed here for studying cytoskeleton dynamics will complement
very well the existing fluorescence studies. However, the interpretation of these
FTLS measurements requires improvement, as evidenced, for instance, in the poor
fit of the curves in Fig. 9.15¢e at large ¢. It is likely that the simple model proposed
here needs further refinements to include contributions from particle transport and
polymer dynamics within the cell.

9.4 Summary and Outlook

In summary, we reviewed a number of reported techniques for quantitative phase
imaging and scattering measurement. The extensive applications of QPI and FTLS
were discussed for both biological system structure and dynamics. Further, the QPI
capability can be judged by two main parameters: phase sensitivity, which defines
the smallest phase change that the instrument can capture (i.e., at signal to noise
of 1), and acquisition speed, which determines the fastest phenomena that can be
studied.

Current applications of both static and dynamic QPI were discussed. In the case
of red blood cells, which have an optically homogeneous structure, cell volumetry
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and membrane fluctuations have been demonstrated. In eukaryotic cells, the phase
imaging problem is more challenging, as the cell topography and refractive index
distribution contribute in a nontrivial manner to the measured path length map. Thus,
decoupling the refractive index contribution from the thickness was discussed. Fur-
ther, it has been shown that the phase shift map associated with eukaryotic cells can
be translated into dry mass density. The sub-nanometer scale accuracy in optical
path length allows for measurements of dry mass at the femtogram scale. With this
approach, cell growth and motility can be monitored without the need for contrast
agents.

FTLS was applied as a new approach for studying static and dynamic light scat-
tering with unprecedented sensitivity, granted by the image plane measurement of
the optical phase and amplitude. In FTLS, spatial resolution of the scatterer positions
is well preserved. These remarkable features of FTLS are due to the interferometric
experimental geometry and the reliable phase retrieval. FTLS has been applied to
study the tissue optical properties, cell type characterization, and dynamic structure
of cell membrane. We anticipate that this type of measurement will enable new
advances in life sciences, due to the ability to detect weak scattering signals over
broad temporal (milliseconds to days) and spatial (fraction of microns to centime-
ters) scales.

Recent developments in QPI and FTLS expanded its applicability to new areas.
Here we briefly describe two directions which, in authors’ opinion, promise to make
a significant impact in medicine.

9.4.1 QPI for Blood Screening

Blood smear analysis has remained a crucial diagnostic tool for pathologists despite
the advent of automatic analyzers such as flow cytometers and impedance counters.
Though these current methods have proven to be indispensible tools for physicians
and researchers alike, they provide limited information on the detailed morphology
of individual cells and merely alert the operator to manually examine a blood smear
by raising flags when abnormalities are detected. We have recently demonstrated
an automatic interferometry-based smear analysis technique known as diffraction
phase cytometry (DPC) [123], which is capable of providing the same information
on red blood cells as is provided by current clinical analyzers, while rendering addi-
tional, currently unavailable parameters on the 2D and 3D morphology of individual
red blood cells (RBCs). To validate the utility of our technique in a clinical setting,
we performed a comparison between tests generated from 32 patients by a state-of-
the-art clinical impedance counter and DPC [124].

Extending this principle of investigation to clinical-relevant problems, DPM was
used to quantify membrane fluctuations of human RBCs parasitized by Plasmodium
falciparum at 37 and 41°C [125]. Alterations of structure cause changes in RBC
membrane fluctuations, with stronger effects seen in later stage parasitization and
at febrile temperature. These findings offer potential new avenues for identifying,
through cell membrane dynamics, pathological states that affect cell function and
could result in human diseases [126].
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9.4.2 FTLS of Cancerous Tissues

We believe that QPI can become a powerful tool for label-free tissue diagnosis,
where the refractive index plays the role of cancer marker. In our initial studies,
FTLS has been applied to image unstained 5-pum-thick tissue slices of rat breast
tumors and various organs [35, 88]. The FTLS measurements of unstained tissue
biopsies, which are broadly available, will provide a set of scattering signatures for
automatic cancer detection and grading. Further, our measurements will set the stage
for a large scattering database, where various tissue types, healthy and diseased, will
be fully characterized in terms of their scattering properties without staining [35].
Finally, we will develop a fiber optics-based instrument, which will allow for in vivo
imaging via a needle. Thus, we will essentially replace tissue biopsies which require
laboratory preparation and human inspection — with “optical biopsies,” with real-
time image acquisition and largely computer-assisted analysis. FTLS provides an
effective and staining-free modality for studying tissue biopsies by deriving the
optical properties from “organelle-to-organ” scale.
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Chapter 10
Coherent Microscopy for 3-D Movement
Monitoring and Super-Resolved Imaging

Yevgeny Beiderman, Avigail Amsel, Yaniv Tzadka, Dror Fixler, Mina Teicher,
Vicente Mico, Javier Garcia, Bahram Javidi, Mehdi DaneshPanah,
Inkyu Moon, and Zeev Zalevsky

Abstract In this chapter we present three types of microscopy-related configura-
tions while the first one is used for 3-D movement monitoring of the inspected
samples, the second one is used for super-resolved 3-D imaging, and the last one
presents an overview digital holographic microscopy applications. The first configu-
ration is based on temporal tracking of secondary reflected speckles when imaged by
properly defocused optics. We validate the proposed scheme by using it to monitor
3-D spontaneous contraction of rat’s cardiac muscle cells while allowing nanomet-
ric tracking accuracy without interferometric recording. The second configuration
includes projection of temporally varying speckle patterns on top of the sample
and by proper decoding exceeding the diffraction as well as the geometrical-related
lateral resolution limitation. In the final part of the chapter, we overview applications
of digital holographic microscopy (DHM) for real-time non-invasive 3-D sensing,
tracking, and recognition of living microorganisms such as single- or multiple-cell
organisms and bacteria.

10.1 Introduction

Microscopy is a vital part of almost any application in biology, chemistry, neuro-
science, bioengineering as well as in nanoscale-related research fields. Dynamic
microscopy or movement monitoring is an important part of modern research trends
aiming toward comprehensive understanding of live cells interaction, like the pump-
ing of heart muscle cells, neuron activity, and other biology-related processes. For
instance, heart cells are dynamic and moving objects which consist of a broad vari-
ety of cell types such as muscle cells and connective tissue. Its functioning depends
on the cooperation between its components [1]. It is possible to isolate thesetypes
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of heart cells by using proteolytic enzymes such as trypsin and collagenase [2].
“Myocyte” is one of the types of cells that can be extracted from an embryonic heart
using a proteolytic enzyme. Cardiovascular research is frequently based on models
involving myocyte cells [3], as these cells have the ability to contract independently,
while the contraction of each individual cell involves the activity of ion channels.
Moreover, these cells contract in a synchronized way, as gap junctions are formed
between adjacent cells [4].

Movement tracking of cells in microscopy involves several methods. Some
of them are obtained using various interferometric and holographic approaches
applied mainly in transmission [5, 6]. Digital interferometry is the most common
approach used in either on- or off-axis phase shift configuration [7, 8]. Improvement
and adjustment of those approaches for real-time measurement were presented in
[9-11]. However, all those approaches are working in transmission, and thus they
allow detection of only transversal movement.

The interference state of the resulting image in microscopy depends on a change
in the refraction index of the cells. However, neither axial movement nor tilts do not
involve change of the refraction index, and therefore these movements cannot be
mapped using those approaches applied in a transmissive configuration.

One way to track movement may involve usage of speckles. The speckles are
self-interference random patterns [12] and have the remarkable quality that each
individual speckle serves as a reference point from which one may track the changes
in the phase of the light that is being scattered from the surface [12]. Because of that,
speckle techniques such as electronic speckle pattern interferometry (ESPI) have
been widely used for displacement measuring and vibration analysis (amplitudes,
slopes, and modes of vibration) as well as characterization of deformations [13—19].
ESPI is widely used in case of objects’ deformation measurement. If one subtracts
the speckle pattern before the deformation has occurred (due to change in loading,
change in temperature, etc.) from the pattern after loading has occurred, it pro-
duces correlation fringes that correspond to the object’s local surface displacements
between the two exposures. From the fringe pattern both the magnitude and the
direction of the object’s local surface displacement are determined [14, 15]. Usage
of speckles was also applied for improving the resolving capabilities of imaging
sensors [20] as well as ranging and 3-D estimation [21].

In Sect. 10.2 of this chapter we propose a novel configuration which includes
projection of laser beam and observation of the movement of the secondary speckle
patterns that are created on top of the target. The new configuration and concept
allowing high-accuracy detection of axial and tilted movement from remote were
developed [22, 23]. This approach uses a property of defocusing of the imaging lens
of the camera. Usage of speckles for movement tracking was demonstrated already
before [24] without applying defocusing. However, this method (without applying
defocusing) does not allow tilt extraction or on-axis movement estimation when
the relative tilt angle is small. Tracking of tilting or on-axis movement becomes
a simple task, when the defocusing of the lens is being used. It allows translation
of the tilt movement into lateral movement of the random speckle pattern rather
than the variation of this random pattern as obtained without performing the proper
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defocusing. Tracking this lateral movement is a simple numerical task that can be
fulfilled using basic correlation-based algorithmic.

Note that in Sect. 10.2 of this chapter we discuss the implementation of this
approach not only in tracking of 2-D movement of the speckle patterns to allow
detection of tilting (if exists) and transversal movement, but in addition, we detect
both the position and the value of the correlation peak between the sequential
frames. The value of the correlation peak designates the relative change in the
randomness of the speckle pattern (and not the shift of the pattern). This change
in the pattern itself corresponds to the axial movement. It is obtained by observing
the value of the correlation peak and comparing it to a calibration reference look-up
table.

Therefore, Sect. 10.2 includes the development of 3-D movement monitor-
ing module providing nanometric accuracy which can be applied for transmissive
microscope configuration. Then, the proposed tracking technique is used for 3-D
movement tracking of several spatial segments within cardiac muscle cells.

In Sect. 10.3 of this chapter we present a super-resolved approach projecting
temporally varying speckle pattern to improve the obtainable lateral resolution.

With respect to using the speckles in order to obtain lateral super-resolved imag-
ing it is well known that the resolution of an optical imaging system can be defined
as the smallest spatial separation distance between two features that still can be
resolved in the imaging system. This minimal separation distance is proportional to
the optical wavelength and the F' number of the imaging lens [25].

The various approaches for overcoming those limitations are called super-
resolving techniques. In order to exceed the resolving limitations of an imaging
system one needs to convert the spatial degrees of freedom into other domains (for
encoding), to transmit them through the optical system, and then to reconstruct the
image (to decode) [26-28]. The domains that may be used in order to multiplex
the spatial information are time [29-31], polarization [32, 33], wavelength [34, 35],
field of view or spatial dimensions [36-39], and code [40—42].

The time-multiplexing approach can be extended to projection of random speckle
patterns [43—45]. This random pattern encoded the high spatial frequencies existing
in the object. After time multiplexing and by knowing the encoding pattern one may
decode the information and construct the high-resolving image of the object.

The final part of this chapter (Sect. 10.4) focuses on over viewing applications
of digital holographic microscopy (DHM) for real-time non-invasive 3-D sensing,
tracking, and recognition of living microorganisms such as single- or multiple-cell
organisms and bacteria [46—53]. Digital holography allows for measurement of both
phase and amplitude of an unknown wavefront and post-processing for wavefront
reconstruction [6-8]. In particular, digital holographic microscopy (DHM) has been
successfully applied to non-invasive real-time 3-D sensing, recognition, and track-
ing of microorganisms such as cells without the need for staining or destroying
the cells [46-53]. In one arrangement, an on-axis, single-exposure Mach—Zehnder
interferometer can be used to record digital holograms of microorganisms [46-53].
Statistical methods are applied to digital reconstruction of holograms for recogni-
tion of biological microorganisms [46-53]. Marker-free detection of diseased cells



272 Y. Beiderman et al.

(e.g., malaria), cell sorting, and long-term non-invasive monitoring are some other
applications of this approach.

10.2 Speckle-Based Movement Monitoring

In Sect. 10.2.1 we describe the experimental setup of the speckle-based configura-
tion. Its theoretical modeling is shown in Sect. 10.2.2. The experimental results for
the 3-D tracking of the entire cell are presented in Sect. 10.2.3. In Sect. 10.2.4 we
experimentally extract the 3-D map and flow distribution of spatial segments inside
cardiac muscle cells.

10.2.1 Experimental Setup

The work presented in this section describes an experimental setup that was build for
speckle-based movement monitoring. We have installed this setup on a microscope.
It combines the proposed configuration suited to an inverted microscope with an
oblique illumination of the inspected cells with green laser at wavelength of 532 nm.
An image of the experimental setup can be seen in Fig. 10.1. The setup consists of
two principal components. The first is a green laser, which is used to illuminate the
inspected object in order to generate the secondary reflected speckles. The second
is a camera that captures video frames which later on are analyzed by MATLAB
software. The software tracks the movement of the reflected speckle patterns and
extracts the 2-D projection of the 3-D movement of the cells (including tilting

Inverted microscope - llluminating laser

Pixelink Camera

Fig. 10.1 Image of the experimental setup
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movement if exists). In addition, the system can track the axial movement of the
objects by observing the value (and not the position) of the correlation peak between
sequential speckle images.

The proposed configuration has two significant advantages over existing
approaches. First, although the proposed method is demonstrated in transmissive
configuration it is similar to reflective illumination configuration. We illuminate
obliquely the sample at an angle higher than the one defined by the NA of the lens.
That is, the DC term of the illumination (non-diffracted illumination beam) is not
transmitted through the microscope lens and only diffracted components are. Thus,
it is similar to a reflective configuration where the image becomes without a back-
ground. Such illumination procedure (high oblique angle illumination in transmis-
sion or reflection configurations) maintains detection of cells’ transversal movement
with the same accuracy as in transmission interferometry, and additionally it allows
nanometric accuracy in the detection of axial movements and tilts of the cells which
cannot be detected at all in regular transmissive interferometry.

Second, the proposed setup is not an interferometric one, and thus it needs no
reference arm. This is a very important difference in comparison with previous work
since it significantly simplifies the experimental setup while retaining the nanomet-
ric accuracy of holographic approaches.

Rat heart cells have been put on test, due to its dynamic contradictions. Rat car-
diac myocytes were isolated as previously described in [54]. Briefly, hearts from
newborn rats were rinsed in phosphate-buffered saline (PBS), cut into small pieces,
and incubated with a solution of proteolytic enzymes-RDB (Biological Institute,
Ness Ziona, Israel). Separated cells were suspended in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% inactivated horse serum (Biological Industries,
Kibbutz Beit Haemek, Israel) and 2% chick embryo extract and centrifuged at
300 x g for 5 min. Precipitant (cell pellet) was resuspended in growth medium
and placed in culture dishes on collagen/gelatin-coated cover glasses. On day 4,
cells were treated with 0.5-5 M of DOX for 18 h and then with drug-free growth
medium for an additional 24 h. Cell samples were grown on microscope coverslips
and placed under a microscope where they exhibited spontaneous contractions.

Cell culture and sample preparation for measurements were performed for the
speckle-based configuration. The illuminated field was confined to approximately
the cross section of a single cardiomyocyte. The microscope we used was an Olym-
pus inverted epifluorescence IX81 microscope equipped with an external green laser
module (see Fig. 10.1).

In order to avoid collecting the backscattered light, we installed the laser in such
a manner that the illumination angle was higher than the angle defined by the NA
of the objective lens. Cells were illuminated with green laser at wavelength of 532
nm from an oblique angle of about 30° and imaged through the objective lens of the
microscope with proper defocusing. Thus, the illumination angle is higher than the
angle defined by the NA of the microscope lens (NA = 0.4 = 6 = 23.5°, appro-
ximately). In the experiment we have used Olympus objectives of UPlanSApo
10x/0.40/0.17/FN26.5. Image was captured with Pixelink PL-A741-E camera hav-
ing pixel size of 6.7 x 6.7 wm which was connected to the microscope. The output of
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the Pixelink camera was connected to a computer which was capturing video frames
using the manufacturer software. The captured video was analyzed by MATLAB
software.

10.2.2 Theoretical Modeling

We distinguish between three kinds of movements: longitudinal (axial), transversal
(lateral), and tilting. As previously explained our 3-D movement estimation includes
computation of the correlation peak for the subsequent captured speckle patterns.
From the relative position of the correlation peak we extract the information regard-
ing the transversal movement and the tilting of the object [22, 23], and from its value
we obtain the information regarding the longitudinal movement.

The following mathematical model proves that when slightly defocusing, instead
of changing, the speckle pattern is moving. Figure 10.2 explains our considerations.
We will denote by (x, y) the coordinates of the transversal plane while the axial
axis will be denoted by Z. Laser spot with diameter of D is illuminating normally
a diffusive object using optical wavelength of A . A speckle pattern was obtained
onto a detector from the light reflected from the object. This random amplitude and
phase pattern are generated due to the random phase of the surface of the diffusive
object. In the regular case the imaging system is imaging the plane close to the
object determined by distance Z1, and in this case the amplitude distribution of the
speckles equals to the Fresnel integral performed over the random phase ¢ that is
created by the surface roughness.

Tior 30 = [ [ explio . yyiexp [% (6 =5+ 0= y»z)} dxdy

= Am(Xo, Yo) expli(xo, Yo)l (10.1)

Tilting angle

Speckle patterns

Imaging
module

Sensor

Laser
projection :
Z2 T~ g Z3

Fig. 10.2 Schematic description of the system
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where a uniform reflectivity over the object’s illuminated area as well as paraxial
approximation has been assumed. The intensity distribution of the obtained image,
which is viewed by the imaging device, equals to

2
I(xs, ys) = ‘/:/ Tin(xo, Yo)h(xo — Mxs, yo — Mys) (10.2)

where & is the spatial impulse response of the system and M is the inverse of the
magnification of the imaging system. The parameter 4 takes into account the blur-
ring due to the optics as well as due to the size of the pixels in the sensor, and it is
computed in the sensor plane (xg,ys).

Z Z3—7Z1)— F
M:(z—i- 3F 1)

(10.3)

F is the focal length of the imaging lens. Note that in the case of remote inspection,
typically the distance between the object and the lens is much longer than any other
distance involved in the process.

As mentioned before, assuming a rigid body movement, the movement of the
object can be classified into three types of movements which cannot be separated
and they occur simultaneously: transverse, axial, and tilt. Transversal movement
is commonly observed in microscopy. However, under transversal movement the
amplitude distribution of the speckle pattern Ty, will simply shift in x and y by
the same distance as the movement of the object, as can be checked in (10.1). Under
normal imaging conditions and small vibrations, this movement will be demagnified
by the imaging systems resulting in barely detectable shifts on the image plane.
The second type of movement is axial movement in which the speckle pattern will
remain basically the same since the variations in Z; (which will only scale the
resulted distribution) are significantly smaller in comparison to the magnification
of the camera:

Iyt 2z ILh—Z1+Z3

M ~
F F

(10.4)

The third type of movement is the tilt of the object which may be expressed as
follows:

An(xor o) = ‘ f / exp [ip (r. )] exp [i(Bex + By)]

X exp [”—i (0 =)+ - yo>2)] dxdy'

YA
4 tan o
Bx = Tx
47 tan oy,
By=—"— (10.5)

A
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The angles oy and ay are the tilt in the X- and Y-axes, respectively, and the
factor of 2 accounts for the back and forth axial distance change. In this case it
is well seen from the last equation that the resulting speckle pattern will change
completely. The magnification factor of the system as described in (10.2) can be
very large (M can be a few hundred) due to blurring, thus causing the small speckles
of the imaging system to have a large size.

The speckle pattern actually varies randomly, since the three types of movements
basically cannot be separated. It should be noted that for small Z; values the size of
the speckle pattern at the Z; plane will be very small and will not be visible in the
sensor after imaging with large demagnification. The speckles associated with the
aperture of the lens are dominant, due to the blurring width of A Fy which is properly
magnified when transferred to Z; plane. Under small Z; values the speckles are
under-sampled on the detector plane.

Assuming now that we strongly defocus the image captured by the camera.
Defocusing brings the plane of the imaging from position at distance of Z; into
a plane positioned at distance of Z,. In this case several changes occur: first, the
magnification factor M is relatively small (it is reduced at least by one order of
magnitude); second, the plane at which the speckle pattern that is imaged by the
camera is formed by the far-field approximation regime (the relevant speckle plane
is far from the object). Therefore, the equivalent of (10.1) and (10.2) is

2mi
"Zo (xxo + ¥Yo) | dxdy

Tim(Xo, Yo) = // €xp [i¢(x, y)] eXp|:

= Am(xo, Yo) €Xp [illf(xm YO)] (10.6)
and
2
I o) = ‘ / / T (o YoV (X0 — Mixs. yo — Mys) (10.7)
Note that now also
Z3—F Z3
M= ~ 22 (10.8)
F F

Therefore, in the case of transversal movement the speckle pattern is almost
unchanged since shift does not affect the amplitude of the Fourier transform and
because the magnification of the blurred function /# is much smaller. Axial move-
ment does not affect the distribution at all as well since Z, is much larger than the
shifts of the movement (only a constant phase is added in (10.6)).

The shifting property of Fourier transform states that a linear phase factor in the
original function will be converted to a constant shift of the Fourier of the object in
the Fourier domain [55]. Using this property one can easily see how the tilt move-
ment of speckles (projected onto object) translates into the spatial shift. Thus, tilting
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is simply expressed as shifts of the speckle pattern. It can be seen in Fig. 10.2 as well
as understood from the following equation:

Am(Xo, Yo) = ‘ / / exp [ig (x, )| exp [i(Bex + Byy)]

—2mi
X exp "z (xxo + yYo) [ dxdy
4 tan o
o=
47 tan oy

The three types of movement are not separated, but since now two of them
produce negligible variations in the imaged speckle pattern, the overall effect of
three of them is only the pure shift which may easily be detected by spatial pattern
correlation.

The resolution or the size of the speckle patterns that is obtained at Z, plane and
imaged to the sensor plane equals to

Ay 1 AP Z
=122 22 (10.10)
D M D Z3

This is of course assuming that this size of éx is larger than (and therefore is not
limited by) the optical as well as the geometrical resolution of the imaging system.

The conversion of angle to the displacement of the pattern on the camera is as
follows:

_ Zoro _ ZHF

d = 10.11
i Z ( )

Note that assuming that Ax is the size of the pixel in the detector then the require-
ment for the focal length is (we assume that every speckle in this plane will be seen
at least by K pixels)

KAx Z3D
F=—"—— (10.12)
ZyA
Note that Z, fulfills the far-field approximation:
D2
Z — 10.13
2> o= ( )
The number of speckles in every dimension of the spot equals to
D F-D
¢ _ ¢— = (10.14)

T Méx  2Zr  FarZs
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where ¢ is the diameter of the aperture of the lens. Fj is the F' number of the lens.
The term of M §x is the speckle size obtained at plane of Z;. This relation is obtained
since the spot of the lens is covered by the light coming from the reflecting surface
of the object.

Equations (10.12) and (10.14) determine the requirements of the focal length of
the imaging system. There are contradictory requirements on both equations. On
one hand, from (10.12) it is better to have small F; since then the speckles are
large in the Z, plane (especially for large Z»), and it is preferred to increase the
demagnification factor such that it will be easier to see the speckles with the pixels
of the detector. In (10.14) we prefer larger F in order to have more speckles per
spot. Therefore, a point of optimum may be found.

Another interesting problem is a longitudinal and transversal movement recovery
based on observing changes in the correlation function’s amplitude. Let us assume
a circular uniform intensity at the object plane, being the diffusive source that gen-
erates the secondary speckles. Then, the dependence of the value of the correlation
function on the transversal and the longitudinal positions may be modeled as fol-
lows: the correlation function of the intensity between two points separated in the
transverse plane by a radial distance s and which are located at distance z from the
diffusive object may be estimated as follows [56]:

J1 (tds/rz)

[MMransversal (8) = 1_2 (1 +2 ‘ T ds/Az

) (10.15)

where I is the mean of the intensity in the output plane, ® is the diameter of the
illumination beam, J; is the first kind Bessel function, X is the optical wavelength,
and z is the axial distance.

With respect to the longitudinal extent of the speckles, the problem reduces to
the calculation of the axial correlation function of the intensity between two points
separated axially by Az. In this case, with the same assumptions as in the transverse
case plus the requirement that Az will be small compared with z, the correlation of
intensity results with [56]

ILongitudinal (AZ) = 12 (1 42 ‘sinc (Az .2 /sxzz) D (10.16)

10.2.3 Experimental Results

Rat heart muscle cells as presented in Sect. 10.2.1 were dynamically mapped under
their repeatable contraction. The cells were observed using inverted microscope (as
mentioned in Sect. 10.2.1). In Fig. 10.3 we present image sequence extracted from
video recording using regular white light illumination (not laser). In Fig. 10.3a one
may see the image captured just before contraction. In Fig. 10.3b we present the
image of differences between “before contraction” and ‘“at maximal contraction”
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Fig. 10.3 Image sequence extracted from video using regular white light illumination (not laser).
(a) Before contraction. (b) Image of differences between “before contraction” and “at maximal
contraction” states for the zoomed region appearing in the white rectangle of (a)

states for the zoomed region appearing in the white rectangle of Fig. 10.3a in order
to demonstrate that indeed a contraction has occurred.

The contraction presented in Fig. 10.3 was tracked using the speckle-based
approach that was previously described in [22, 23]. The obtained results can be seen
in Fig. 10.4. The movement tracking presented in Fig. 10.4 is the 2-D projection of
the 3-D movement of the cell (X- and Y-axes projection). In the figure one may see
how these cells repeatedly expand and shrink in fixed intervals. The vertical units in
Fig. 10.4 are distance of movement in micrometers as calculated from the pixels of
the camera (using the given magnification of the lens), and the horizontal axis is the
temporal frames that are captured at rate of 30 fps. The analyzed region of interest
was of 80 x 80 pixels. In the lower part of the image one may see a single diffused
speckle pattern that was used to perform the movement tracking.

If we observe Fig. 10.4 again one may see that movement of even 1/20 of a
pixel size (in the vertical axis) was detected. Since an objective of 10x was used,
this means that the equivalent cell movement was of 0.67 um/20 = 33.5nm. As
mentioned before, this accuracy capability of the proposed optical configuration in
tracking cell movement includes tracking not only this movement in the transversal
plane but also movement due to their tilt and axial-related shifts.

In Fig. 10.5 we present the experimental calibration which allows the measure-
ment of the object’s axial movement. The measurement was performed using the
same configuration as in the previous experiment. In the chart of Fig. 10.5 we have
positioned a reflective object connected to a controlled piezoelectric stage capable
of shifting the object in the axial dimension with nanometric resolution. For each
movement we have measured the obtained correlation peak while trying to show the
relation existing between the value of this peak and the axial displacement.

To demonstrate repeatability we have repeated the experiment with different
movement steps of 50, 100, and 200 nm. One may see that for all steps almost
full coincidence occurs. If the signal-to-noise ratio allows detection of 1% change
in the height of the correlation peaks, it means that the detection accuracy for the
axial movement is about 120 nm.
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Fig. 10.4 X- and Y-axes Total Movement
movement that was obtained 15 ‘ ‘ ‘ ‘ ‘ ‘
using 10x objective, region
of interest of 80 x 80 pixels
and rate of 30 fps. In the
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Fig. 10.5 Experimental measurement of the axial movement that is obtained by mapping the
amplitude of the correlation peak versus controlled axial shifts

In Fig. 10.6 we present how the Z-movement calibration chart of Fig. 10.5 was
applied to track the Z-movement of rat’s cardiac muscle cells. The figure shows
the normalized correlation peak of first frame with other frames. By comparing the
change in the amplitude of the correlation peak one may see that for instance the
0.4 change in the value (from 1 to 0.6) of the correlation peak corresponds to axial
movement of approximately 6 wm (following the calibration presented in Fig. 10.5).
Note that when we say movement (e.g., of 6 um) we refer to the change in the optical
path, i.e., the product between the change in the refraction index (obtained due to
the contraction of the cell) and the actual displacement.
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Fig. 10.6 Normalized Correlation peak
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10.2.4 Measuring 3-D Map and Flow Distribution

In Figs. 10.4 and 10.6 we measured the movement of the entire cardiac muscle cell
(or of its center of mass). Now we used the constructed module to map the move-
ment of spatial segments within the cell in order to provide a tool to study movement
interaction between adjustment cell parts. The extracted results were obtained by
spatially dividing each image in the sequence into 4 x 4 resolution regions. In each
region correlation was computed between subsequent frames in the image sequence.
From the position of the correlation peak we estimated the in-plane 2-D movement
of the cells, and from the value of the correlation peak we extracted the axial move-
ment of the relevant segment. The conversion of the correlation peak value to axial
displacement was done following the calibration presented in Fig. 10.5. Since the
proposed processing was applied in each one of the 4 x 4 resolution regions, a 3-D
displacement map of the cell was extracted.

Figure 10.7a presents the white illumination muscular cell image, with marked
area of inside part of the cell that had been chosen for fragmented processing.
Figure 10.7b is a zoom over the inner marked area in Fig. 10.7a.

The obtained experimental results for the 3-D mapping can be seen in Figs. 10.8
and 10.9. In Fig. 10.8 we present the overall time-variant 3-D movement of frag-
mented cell areas. The red lines represent the X—Y movement, starting from the
origin (center of each area). The yellow bars represent the axial movement versus
time (starting from left to right). In the left bottom corner of the figure we marked
the scale for the lines and bars as 300 nm and 5 pum, respectively. Note once again
that when we say movement we refer to the change in the optical path.

In Fig. 10.9 we present the temporal evolving of the 3-D movement mapping
of the cells. A dot represents a geometrical center of the processed region of inter-
est (ROI). Background is a picture of the call taken in white illumination. The red
lines represent the relative X—Y movement in a time frame between two subsequent
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(b)

Fig. 10.7 (a) White illumination muscular cell image, with marked area of the internal part
of the cell that had been chosen for fragmented processing. (b) Zoom over the inner marked
area in (a)
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Fig. 10.8 Overall time-variant 3-D movement of fragmented cell areas. The red lines represent
the X—Y movement, starting from origin (center of each area). The yellow bars represent the axial
movement versus time (starting from left to right). In the left bottom corner we marked the scale
for the lines and bars as 300 nm and 5 pm, respectively
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Fig. 10.9 Temporal evolving of the 3-D movement mapping of the cells. The dot represents a
geometrical center of the processed ROI. Background is a picture of the cell taken in white illu-
mination. The red lines represent the X—Y movement (starting from the center of each area). The
yellow bars represent the axial movement. In the left bottom corner we marked the scale for the

lines and bars as 300 nm and 5 pum, respectively (those numbers appear in the first image obtained
for time =1 s)
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Fig. 10.9 (continued)
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figures. This movement is presented as a relative vector change from last processed
time point (the origin of each vector is in the center of each area). The yellow bars
represent the axial movement. In the left bottom corner we marked the scale for the
lines and bars as 300 nm and 5 pm, respectively (those numbers appear in the first
image obtained for time = 1s). The sampling time of each movement map is desig-
nated on top of the image. The time difference between images is of about 0.1667 s.

10.3 Super-Resolution by Means of Projected Speckle Patterns

In previous section we have described a novel technique for high-resolution map-
ping of tilting and axial movement of objects by usage of properties of secondary
speckle pattern and a proper optical adjustments. In this section we present a super-
resolution technique improving transversal resolution using high-resolution time-
varying random speckle pattern.

Projection of high-resolution time-varying random speckle pattern can be used
to improve the imaging resolution of a given lens. The technique basically includes
capturing a set of low-resolution images (obtained after projecting the random high-
resolution speckle pattern), multiplying each by the decoding pattern that equals
to the one that was projected and summing all the images. After this summa-
tion which is actually a time-averaging procedure one may obtain high-resolution
reconstruction.

The presented analysis is made in one dimension for simplicity, the extension
to two dimensions being straightforward. We denote by g(x) the object and by
h(x) the PSF of the low-resolution imager (due to diffraction as well as due to
the geometry of the pixels). f,,(x) is the projected high-resolution random pattern
while m denotes the index of the projected pattern in the random sequence (the
time-multiplexing sequence). We denote by o(x) the captured field distribution. The
intensity at the detector equals to

()2 = f / RO (E5) fon (6 — X)) 2 (6 — 258 (x — x})g™ (x — x5)de] dxh
(10.17)

We do decoding (the decoding pattern is reconstructed from the low-resolution
image due to the low duty cycle ratio). The obtained expression is

lo(x)[?

- / / hGah* ()8 (x — x))g* (v — X5) fun (v — X)) £ G — x5)] fon () P )
(10.18)

After time averaging (i.e., summation) one obtains

D = XD f (= x3) fn (0) fr(6) = 8(x]) - 8(x) + k (10.19)
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where k is a constant. The final result of this derivation becomes

2

2
lo(x)|* = ‘ f h(xndxy| - g +k - ‘ f g(x)h(x — x1)dx (10.20)

The last equation shows that the reconstructed intensity equals to the intensity of
the object (in high resolution) multiplied by a constant. On top of the reconstructed
image we have the low-resolution image (the image that is seen through the low-
resolution imager without applying the super-resolving technique). To obtain the
proper reconstruction of the high-resolution image one needs of course to subtract
this low-resolution term.

Below we show an experimental demonstration of the discussed idea. In
Fig. 10.10a we show the original image that when imaged through the sensor
becomes the low-resolution image of Fig. 10.10b. After applying the super-resolving
approach with 400 projections we obtain the result of Fig. 10.10c that clearly shows
the resolution enhancement effect. In the experiment we used a UI1220 CMOS
Micron camera with 752x480 pixels of 6 um. The lens had focal length of 2.8
mm, and the camera was positioned 28 cm away from the target.

(a) (b)

(©

Fig. 10.10 Experimental demonstration. (a) The original test target. (b) The low-resolution image.
(c) The super-resolved reconstruction
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()

Fig. 10.11 Two-dimensional resolution enhancement with cells. (a) High-resolution reference
image. (b) Low-resolution image. (¢) Reconstruction after image processing

Obviously the technique fits well to microscopy-related applications as well in
which the projections as well as the decoding are performed from a closer range.
Thus, in Fig. 10.11 we repeated similar 2-D super-resolving experiment with cell
samples when the laser projecting the speckles was installed on top of an inverted
microscope. In Fig. 10.11a one may see the high-resolution reference image when
high NA objective lens is used (a 20x microscope objective with NA of 0.4).
The low-resolution images captured when a low NA lens is placed are shown in
Fig. 10.11b. Figure 10.11c depicts the reconstructed image after some image pro-
cessing manipulations. One may clearly see the high resemblance between the ref-
erence image of Fig. 10.11a and the reconstructed image of Fig. 10.11c.

10.4 Real-Time Non-invasive Identification of Cells and
Microorganism Using Digital Holographic Microscopy

In this section, we present an overview of applications of digital holographic
microscopy (DHM) for real-time non-invasive 3-D sensing and recognition of living
microorganisms such as single- or multiple-cell organisms and bacteria [46-53].
This approach is attractive for non-invasive real-time identification of microorgan-
isms without the need for staining or destroying the cells. Both coherent illumination
and partially coherent illumination can be used. Use of partially coherent light for
3-D cell identification with DHM is demonstrated in [53]. A filtered white light
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source (e.g., xenon lamp), LED, or laser diode can provide illumination with line
width ranging from 1 to 20 nm. White light or a broadband sources allow us to use
various spectral bands which may be useful in identification of the microorganisms.
The short coherence length of the source is not as critical in Gabor geometry in
which the object and reference beams propagate on the same path. The illuminating
beam is partially diffracted by the specimen, and meanwhile a fraction of the beam
passes through without diffraction (semitransparent specimen) which forms the ref-
erence wavefront. Figure 10.12 shows an on-axis DHM setup with filtered white
light source that is more compact and stable. In one experiment, digital holograms
of plant stem cells are recorded by partially coherent DHM method [53].

The specimen is sandwiched between two transparent coverslips, and the exiting
wavefront is magnified using a microscope objective with NA = 0.80 and 100x
magnification. Figure 10.13 shows two planes of corn stem cells reconstructed at 25
and 29 pm from the hologram plane. In our implementation, a xenon lamp is filtered
with 10-nm filter centered at 520 nm [53].

A number of methods can be used for computational reconstruction including
Fresnel transformation, convolution, and angular spectrum approaches. Since the

Magnified diffracted image

Collimated beam I ] y’ do y
Scattered wave
| Specimen /
Acoheriel Microscope,
pnheric len objective
White light illuminato et Logiiis
Diaphragm Hologram plane Beconstruction
Wavelength filter image plane

Fig. 10.12 Partially coherent DHM in the Gabor configuration provides a compact and stable tool

@) - M)

Fig. 10.13 Amplitude contrast image of corn stem cell reconstructed from partially coherent
DHM. The central cells are in focus in reconstruction at distance (a) 25 wm, while they are defo-
cused at (b) 29 pm from the hologram plane [53]
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reconstruction of the wavefront is computational, most of the unwanted effects and
aberrations can be compensated for digitally.

In [52, 53] it has been shown that statistical hypothesis testing can be applied to
distinguish between different classes of microorganisms. The Gabor transformed
complex amplitude reconstruction information is fed into the hypothesis testing
block for recognition of different species (see Fig. 10.14).

The test statistics for null hypothesis of reference and input data are given,
respectively, by [52]

£ ~ref, 12 ref inp, 7%
Dresz[F§e (u) — Fre (u)] and Dinsz[FS () — F! (u)] (10.21)

where Fg(u) is the empirical cumulative distribution function of the object x
reconstruction data. Monte Carlo technique is used to compute the associated p
value for each hypothesis. To evaluate the performance of the identification system,
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Fig. 10.14 Effectiveness of Gabor transformation. (a) Real and (b) imaginary part of the test statis-
tic Dyyp for corn and sunflower cells without Gabor transform. (¢) Real and (d) imaginary part of
the same statistic obtained from Gabor transformed holograms. Ratio R for the non-training true
and false classes using the (e) real part and (f) imaginary part of the reconstructions from their
Gabor filtered digital hologram
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Fig. 10.14 (continued)

the following ratio is defined between the null hypothesis (true class) and the
unknown input:

Averaged test statistic’s value for the unknown input data

— - (10.22)
Averaged test statistic’s value for the null hypothesis
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It should also be noted that the decision about classification of a sample could
be based on the whole range of different Gabor kernel frequencies. Thus, the aggre-
gated information in a frequency range (and not a single frequency) would easily
discriminate between the two different species.

In summary, digital holographic microscopy provides a rich content for applying
different statistical methods for detection and recognition of biological microor-
ganisms. The applications range from detection of diseased cells, marker-less cell
sorting, pathogen identification, etc. Statistical pattern recognition techniques are
used to track and recognize biological species from one another.
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Chapter 11

Image Formation and Analysis of Coherent
Microscopy and Beyond — Toward Better
Imaging and Phase Recovery

Shan Shan Kou, Shalin B. Mehta, Shakil Rehman, and Colin J.R. Sheppard

Abstract Applications of phase microscopy based on either coherent or par-
tially coherent sources are widely distributed in today’s biological and biomedical
research laboratories. But the quantitative phase information derivable from these
techniques is often not fully understood, because in general, no universal theoreti-
cal model can be set up, and each of the techniques has to be treated specifically.
This chapter is dedicated to the fundamental understanding of the methodologies
that derive optical phase information using imaging techniques and microscopic
instrumentation. Several of the latest and most significant techniques are thoroughly
studied through the theoretical formalism of the optical transfer function. In partic-
ular, we classify these systems into two main categories: those based on coherent
illumination, such as digital holographic microscopy (DHM) and its extension into
tomography, and those based on partially coherent illumination, such as differen-
tial interference contrast (DIC) and differential phase contrast (DPC). Our intention
is that the models described in this chapter give an insight into the behaviour of
these phase imaging techniques, so that better instrumentation can be designed and
improved phase retrieval algorithms can be devised.

11.1 Introduction

Imaging is an inverse problem, which involves estimation of the specimen prop-
erties from recorded intensity images. For design of successful approaches for
phase measurement, an accurate forward analysis is imperative. With that goal in
mind, in this chapter, we present image formation analysis of some important phase
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imaging methods. We describe how this analysis improves our understanding of key
properties of the imaging systems as well as paving the way for better phase retrieval
methods. We consider two major classes of methods — those based on coherent illu-
mination and those based on partially coherent illumination.

Spatially coherent methods such as holography (discussed in Sect. 11.2) produce
an amplitude in which the phase is linearly dependent on the optical path length
(OPL) of the specimen, allowing measurement of phase information — from which
refractive index or thickness can be recovered. Quick and dynamic as it is, direct
single-shot holography has poor 3D imaging performance. As shown in Sect. 11.2.1,
the spatial frequency coverage of single-shot holography along the axial direction is
inadequate to provide true 3D imaging. One way to enhance the spatial frequency
coverage is to use a polychromatic source, but this approach is beyond the scope of
this chapter. Another way is to introduce tomography (Sect. 11.2.3), through either
object rotation or illumination scanning. We present the coherent optical transfer
function for holographic tomography for different geometries, both paraxial and
high-aperture treatments are presented for an insightful view of such diffractive
tomographic systems.

On the other hand, performance of phase imaging systems can be improved by
employing simultaneous illumination from a large range of directions. Such an illu-
mination is engineered by using an incoherent source in conjunction with high-NA
illumination optics, leading to partially coherent field at the specimen plane. Par-
tially coherent methods, in contrast to coherent methods, produce an image which
depends bi-linearly on the specimen’s transmission (as discussed in Sect. 11.3).
These methods can be designed to be sensitive to the gradient or curvature of the
specimen phase, allowing retrieval of the phase via integration.

In Sect. 11.3 image formation and phase retrieval in partially coherent systems
are discussed based on our recently developed phase-space model. In Sect. 11.3.2—
11.3.4, we focus our attention on three partially coherent methods that have shown
promise for providing quantitative phase information — differential interference con-
trast (DIC), differential phase contrast (DPC), and use of the transport of intensity
equation (TIE).

11.2 Imaging and Phase Reconstruction in Digital Holography
and Holographic Tomography

A key component of today’s coherent imaging regime, digital holography (DH) has
its advantage in the instantaneous and quantitative acquisition of both amplitude and
the phase by wavefront reconstruction. Originally invented by Dennis Gabor in 1948
as a method for recording and reconstructing of a wave field using photographic
plates for recording and reconstruction [1], its numerical counterpart has come a
long way through the development of computer technology. Digital holographic
method was first proposed by Goodman and Laurence [2]. Another pioneering
work was conducted by Schnars and Juptner [3], when direct recording of Fresnel
holograms with a charged coupled devices (CCDs) was implemented. This method
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enables full digital recording and processing of holograms, as is widely used today.
In particular, microscopy based on digital holography (DHM) has proved to be a
convenient method in phase contrast imaging for samples in biological and biomed-
ical studies. Imaging of phase distributions with high spatial resolution can be used
to determine refractive index variations as well as the thickness of the specimen. The
ability to detect very minute phase variations also allows quantitative phase imag-
ing to reveal structural characteristics of cells and tissues which, in turn, may have
potential implications in biomedical diagnosis. Some of the applications of digital
holography are microscopy of biological material [4-7], shape measurement [8],
quantitative phase estimation [9—11], and aberration compensation [12, 13].

Such rapid advancements and prevalent applications of DHM demand a funda-
mental understanding of its imaging behavior and how it is different from other alter-
native coherent phase imaging methods such as interference or confocal microscopy.
In particular, tomography has been applied to holography for enhanced 3D imag-
ing performance. Analysis of image formation for such systems should account
for diffraction effects which are often neglected in direct tomographic projection
algorithms [14]. Making use of the concept of the 3D coherent transfer function
(CTF) [15], we present a theoretical formalism with full analytical expressions for
holographic and holographic tomography systems, through which an insight into
the system behavior can be appreciated, and better phase restoration schemes may
be envisioned.

11.2.1 Image Formation in Digital Holographic
Microscopy (DHM)

The following analysis is based on a basic configuration of the DHM using a

Mach-Zehnder interferometer (Fig. 11.1 [9]). The collimated laser beam is divided
by a beam splitter (BS1). The microscope objective (MO) collects the transmitted

BS1

laser N > M

N> A ]

o
S
o
BS1 M1 DGR

(a) (b)

Fig. 11.1 Basic configuration of the DHM in (a) transmission or (b) reflection mode. BS1, BS2,
beam splitters; M1, M2, mirrors; MO, microscope objective; S, sample
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or reflected light and forms the object wave (O), which then interferes in an on-axis
configuration (derivation for off-axis configuration is similar) with the reference
wave (R) to produce a hologram intensity that is recorded by a CCD camera. This
is very distinct from a conventional interference microscope, where a condenser is
usually used [16]. Because of the use of collimated beams and the lack of condenser,
the reference beam wavefront plays a trivial role in the overall imaging of DHM after
reconstruction.
The complex field amplitude recorded on the CCD is given by

t1(r) = |0(r) + R(®)?
= |O(r)|2 + |R(1r)|2 + O(@)R*(r) + O*(r)R(r) (11.1)

where O(r) is the complex field amplitude generated by the object beam, R(r) is
the complex field amplitude of the reference beam, and the asterisk (x) denotes
complex conjugation. The information content in the wavefront from the sample is
contained in the interference terms. In the following analysis, we will focus on the
image content inside these interference terms.

11.2.1.1 3D CTF for DHM

There are several approaches to derive 3D CTFs [17]. Here we apply a direct 3D
Fourier transform (FT) to the 3D amplitude point spread function (APSF). Our atten-
tion is focused on a scalar theory but including the spherical converging wavefront
instead of the paraxial (paraboloidal) approximation. In addition, an apodization
effect for systems satisfying the sine condition for practical lens design is also
considered. We assume an aberration-free microscope objective (MO) in first-order
optics which has magnification M, numerical aperture NA, and a maximum sub-
tended half-angle «. The image space 3D APSF for an optical system with a high-
aperture circular lens can be derived as [18]:

w0 . .
h(v,u):/ P(Q)J()(vSlne)exp[ ﬂ} sin6 do (11.2)
0

sin g  4sin®(a/2)

where P(0) is the pupil function or apodization function related to the angle of
convergence of the light ray, Jy is the zeroth order Bessel function of the first kind,
i = +/—1, and v and u are defined as optical coordinates of transverse and axial
directions:

v = krsinog
u = 4kz sin’(ap/2) (11.3)

where r and z are radial and axial coordinates in the image space, k = 27 /A, and
the NA is equal to sin «g. We define normalized spatial frequencies m, n, s in the x-,
y-, z-directions, and cylindrical transverse spatial frequency as
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Fig. 11.2 Quasi-
monochromatic CTF for
holographic microscope at
oo = 7 /3 for (a) _0.
transmission and (b)
reflection mode 1

RN

A

—
Z
=
Z
Z

RTINS

OV

AN

AN
AV

i
AR AR AR AN

[ = (m?>+n*H/? (11.4)

where such conventions of notation will be used throughout this chapter.
Applying a direct inverse 3D FT, the 3D CTF for DHM can then be derived, with
consideration of axial shift, and after normalization [19],

cd, ) =5(s+k¢\/k2—12) P@®) (11.5)

where F accounts for transmission and reflection systems, respectively. In the
above, the support of the CTF (where the § function has a value) can be represented
by the cap of a sphere, which is consistent with Wolf’s theory [15]. The final CTF
with apodization function P () = +/cos 6 can be visualized as in Fig. 11.2.

It should be noted that the above 3D CTF shows an incremental band of wave-
length due to a quasi-monochromatic light source. This results in a thickness of
the shells in reciprocal wavelength space. In broadband DHM, the integral effect
of coherence gating increases the support in imaged spatial frequencies and, hence,
more spatial frequencies will be included [19]. Different spectral densities can be
assumed with real experimental conditions, but when the coherence length of a
broadband source is limited, it may create difficulties in using an off-axis setup. An
alternative means to increase spatial frequency coverage is to conduct tomography,
and this will be presented in Sect. 11.2.3.

11.2.1.2 Comparison with Interference Microscopes

Let us now consider the comparison of 3D imaging capacity between holography
and a normal interference microscope. We can do this by observing the support of
3D CTFs for the interference terms [20]. An incident plane wave denoted as k1
vector is diffracted by an object, which can be considered as a grating, producing a
scattered wave in the direction of vector k2. Vector k represents the characteristic
wave vectors of the grating, and the two end points of k lie on a cap of a sphere due
to the conservation of momentum. The range of angles detected by the holographic
medium truncate the spherical shell. Putting this to the framework of a holographic
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Fig. 11.3 Spatial frequency cutoffs in holographic microscope for an on-axis configuration (a) and
an off-axis configuration (b)

imaging system based on interference, there will be four terms after 3D FT of (11.1),
where the support of the interference image is represented by two thin shells for each
of the conjugate pair (Fig. 11.3). The reference beam corresponds to a §-function at
the origin; the ordinary image transforms to a region around the origin.

In comparison, the 3D FT of the image of a conventional interference micro-
scope, i.e., when a condenser is used (for example, the coherence probe microscope
(CPM) [21]), also consists of four parts where the reference and ordinary image
parts are similar to those of holography. But the interference terms transform to
two regions each of which contain the object amplitude information that has far
greater support than for single-shot holography (Fig. 11.4). Although quantitative
phase information derived from DHM can provide knowledge on optical thickness
or surface height, it has very limited spatial frequency coverage, especially in the
axial direction. Compared with other types of interference microscopy, DHM does
not result in true 3D imaging, but rather its advantage lies in its quick acquisition
and reconstruction for dynamic processes.

11.2.2 Example of Quantitative Phase Imaging Using Lensless
Quasi-Fourier Holography

Here a digital holographic microscopy technique is described using image correc-
tion. The underlying principle of this method is that if a blurred image is corrected in
the hologram plane, a magnified image of the object can be obtained. A phase profile
can be mapped out using a numerical reconstruction method. Phase information of
an object is needed for perfect recovery of the blurred image and the holographic
method is advantageous in this regard.
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Fig. 11.4 Spatial frequency
cutoffs in conventional
interference microscope with
geometry labels. « is the
maximum subtended
half-angle for numerical Interference
aperture. The maximum N.A Interference 2sinlor Image

in air required for the Image

interference image to be
separated from the object o [2(1-cosd)
image is 0.943 (which
corresponds to cosa = 1/3) 25050

m
(transverse)

(axial)

2 (1-coso)

The basic principle in the lensless quasi-Fourier transform holography is to match
the spherical phase factors that are due to the propagation of the object wave and the
reference wave at the hologram plane. Point source illumination ensures the utiliza-
tion of full spatial bandwidth of the sampling medium like a CCD. A quasi-Fourier
hologram has been described as a hologram recorded with a point source acting as a
spherical reference located in the same plane of the object and using a plane wave for
the reconstruction [22]. In a digital hologram the reconstruction beam is simulated
numerically for the digital reconstruction of a quasi-Fourier hologram, for example,
of large objects [8]. Lensless Fourier holography has been used for reconstruction
of digitally recorded holograms for shape and the deformation measurements [23]
and microscopy of biological samples [24].

A lensless Fourier transform digital holographic microscope [25], in which a
phase object is placed inside an expanding beam and hologram of the magnified
and blurred image of the object is sampled by a CCD sensor, is also termed as
quasi-Fourier transform holographic microscope. The field distribution at the holo-
gram plane can be estimated by Fresnel approximation to the scalar diffraction the-
ory [26]. Reconstruction of the hologram is carried out numerically to obtain ampli-
tude or phase contrast image of the object. This technique eliminates the require-
ment to use a microscope objective lens for magnification giving the advantage that
the working distance is increased and the imaging is aberration free [27].

11.2.2.1 Principle

Figure 11.5a shows the optical scheme that can be used to build a lensless digital
holographic microscope. A phase object o(x, y) is placed in an expanding beam.
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The magnified and blurred image of the object is given by the convolution of the
object beam and the transfer function of free-space propagation, o(xy/m, y;1/m) *
h(x1, y1) where * indicates convolution and m is the magnification of the object at
the CCD plane. The phase of the object is recorded using a reference beam r(x1, y1)
in the holographic recording setup. The intensity of the hologram to be recorded is
given by

X 2
16,y = |ren, v + o (5, 2) shan, )| (11.6)
m m
where
1 . ke + D)
h(xi, y1) = ———— exp [jk(z1 + 22) Jexp | ——= (11.7)
Az120m 222

A is the wavelength of the light used, k is the wave number and the distance between
a point source located at (0, 0) and the CCD plane is z;, and between the object
and the CCD is z». The reconstruction algorithm for the hologram is given by the
following equation where a Fourier transform is carried out after multiplying the
recorded intensity pattern at the CCD by a reference signal r and then dividing by
H yielding

%:F{|rl2+|0|2~r}+]:{r200*(mx,my)}+00 (11.8)
where H = F{h} and Og = F{oo(mx, my)}. F denotes the Fourier transform and
r(x1, y1) is the amplitude of the spherical reference beam at the hologram plane.
Equation (11.8) suggests that selecting only the fourth term by filtering in the spa-
tial frequency domain and carrying out the Fourier inverse transform retrieves the
blurred phase object. Thus, a magnified image is obtained since it is expressed by
F~H 0o} = og(mx, my). In the spatial frequency domain, selecting output of the
center pixel in the zero-order light beam and expressing it by a delta function 8 (x, y)
and selecting a pass band of the output Og given by the fourth term in (11.8) and
carrying out Fourier inverse transform can be expressed by

2
FUs + 00} = |a + oo(mx, my)|> = A+ Bcos ® (11.9)

where F71[8(x, y)] = a, A = |a|* + |oo(mx, my)|>, B = 2|a||og(mx, my)| and
@ is the phase of the magnified object og(mx, my). A quantitative and magni-
fied image of the phase object can now be obtained by mapping the phase profile
extracted from the interferogram given by (11.9). The lateral resolution in digital
holography depends on the wavelength, CCD specifications, and reconstruction
distance, however, due to the speckle noise associated with any coherent imaging
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system it is not possible to reach this theoretical limit. The lateral resolution IA can
be written as

_Az

- (11.10)

0

where A is the wavelength of the source, z is the object to sensor distance, and
D is the size of the CCD sensor. The formula give by (11.10) depends on the
numerical aperture of the CCD and is based on the diffraction-limited resolution
in optical microscopy. For a coherent imaging system the diffraction-limited reso-
lution is given by 1.220/NA, where NA is the numerical aperture of the imaging
optics. This factor determines the resolution of a coherent optical microscope. The
optical resolution in a lensless holographic recording setup is given by (11.10) is
also governed by this factor.

When a hologram is recorded by a point source close to the object and recon-
structed by performing a Fourier transform of the recorded intensity one gets a
quasi-Fourier hologram. In our case, we illuminate the object by an expanding
spherical wave to achieve magnification instead of using lenses that cause aber-
rations. The hologram is recorded with the help of a reference wave that is a point
source located at the reference point source plane but given a small tilt for recording
an off-axis hologram. The resulted hologram is, therefore, termed as a quasi-Fourier
transform hologram. The complex amplitude of this hologram is then sampled by
a CCD device. The spatial frequency spectrum of the hologram, that is determined
by the angle between the object and reference beams, must be smaller than the
modulation transfer function of the CCD for correct Nyquist sampling.

Figure 11.5b shows the optical setup for a lensless quasi-Fourier transform
microscope. A single hologram is recorded in the CCD and later processed in a
computer. The digitized hologram is numerically processed by taking its Fourier
transform and dividing by optical transfer function H which is calculated by mea-
suring the distance from the object plane to the CCD. After a filtering process,
in which the zero-order and first-order diffracted beams are selected and inverse
Fourier transformed, complete amplitude and phase information of the object is
obtained in the resulting interferogram. The magnified image of the object can be
obtained by mapping out the phase profile (the phase contrast image) extracted from
this interferogram, using the Fourier transform method.

11.2.2.2 Experimental Results

The optical scheme shown in Fig. 11.5a that can be realized in a Mach—Zehnder
interferometric configuration as shown in Fig. 11.5b. A reflection type phase
object was used that is a 48 nm step height standard (VLSI Standards Inc. model
SHS440QC). The lateral width of the step size is 100 wm. Figure 11.6a shows a
lensless Fourier transform hologram in which the magnified and blurred image of
the phase object is recorded. Figure 11.6b shows the hologram obtained after the
recovery of the blurred image. Figure 11.6¢c shows the phase profile of the step
height standard and Fig. 11.6d shows the phase contrast image of a red blood cell.
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Fig. 11.5 (a) Principle of a lensless holographic microscope. (b) Optical setup for a lensless
holographic microscope with; L: lens, P: pin-hole, M: mirror, BS: beam splitter, MO: microscope
objective (only for point source illumination), and CCD: charge-coupled device camera

() (d)

Fig. 11.6 (a) Lensless Fourier transform hologram of a 48 nm step height standard (VLSI Stan-
dards Inc. model SHS440QC), (b) filtered hologram obtained by carrying out the image correction
technique, (¢) phase map of a part of the hologram in (b), and (d) phase profile of an erythrocyte
(red blood cell)

A magnified phase contrast image of an object can be obtained by a digital holo-
graphic microscope using an error correction method based on perfect recovery of
the blurred image. In such a microscope, an objective lens is not required for mag-
nification. Thus, an optical microscope with a long working distance and free of
focusing elements can be obtained that can make magnified images of phase objects
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without aberrations caused by optical components. Quantitative phase profiles with
nanometer order resolution in the axial direction can be obtained and this technique
may be applied in imaging systems where magnification by a lens is difficult, as in
the case of X-ray microscopes.

11.2.3 Image Formation in Holographic Tomography

It can be seen from previous section that imaging performance in single-shot holog-
raphy is rather restricted in the axial direction and cannot provide true 3D imaging.
Coherence gating or tomography can be applied to improve the spatial frequency
coverage [19], while the latter in a transmission configuration has become an
increasingly promising approach for observing live and unstained samples [28-30].
Such a system must be distinguished from the commonly known computed tomog-
raphy (CT) technology, as optical diffraction (and refraction) effects should be
accounted for [31]. Reconstruction of optical path length (OPL) from holographic
tomography is also known as an inverse problem in optical diffraction tomography
(ODT) [14, 32, 33].

The following analysis differs from previous published work in ODT in that the
diffractive tomography system is analyzed using optical transfer functions, with-
out considering any reconstruction of the object data as yet. In a way, the “filter
response” of the system is presented through the location of spatial frequency cut-
offs in Fourier space. Through visualization of 3D CTFs we can understand the
behavior of different setups, but one needs to take further approximations such as
Born or Rytov models for actual data reconstruction in the inverse problem [34].
The analysis presented below focuses on the transmission case but the reflective
case can be derived in similar manners [35].

While fixing the detector position, one can either rotate the illumination or the
object to acquire 3D object information tomographically [19]. While scanning the
illumination, one can further distinguish the systems through the degrees of freedom
in the scanning beam: 1D for scanning about one axis, 2D for scanning about two
perpendicular axes, etc. Similarly, object rotation can also include 1D, 2D, and
higher dimensional cases. The 1D case in both object rotation and illumination
rotation are the most common, as a result of its efficiency and reduction of redun-
dancy. Hence we will focus our analysis on the 1D case with particular attention to
illumination rotation setup. The case of 1D object rotation gives a CTF which has
been termed as the apple core [36], and the case of 1D illumination rotation gives
a CTF called the peanut [37], both after the geometrical shapes of their 3D CTFs,
respectively.

11.2.3.1 Paraxial Treatment

The 3D coherent transfer function can be calculated using 1D FT of the defocused
transfer function [38]. For the case of the peanut, the defocused CTF can be calcu-
lated as a convolution of the imaging and illuminating pupils,
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cim,n;u) = % / /exp |:13u (m’2 + n’2)1| circ(m’, n")é(m — n')rect(m — m’)

. N2
x exp[—M} dm’ dn’ (11.11)

Here the line of illumination is taken in the x-direction. m, n, @ and u follows our
conventions as previously defined in Sect. 11.2.1.1. u is the defocus distance. The
functions circ(x, y) = 1, v/x2 + y2 < 1 and zero otherwise, and rect(x) = 1,|x| <
1 and zero otherwise. Expanding the squares and performing the integral in n’, we
then have

. _ 1 i 2 2 . / /
cim,n; u) = ECXP E(n —m”) s Cexp(lumm )dm (11.12)

The limits of integration are considered for three cases as A € (m — 1,41 — n?),
Be (=1 —=n2,m+1),C e (=+1—=n2,4/1—n?).Cases A and B can be com-
bined, and we can then obtain the defocused transfer functions after some mathe-
matical manipulation [37],

n2—

ca,p(m,n;u) =

zmm' [ +|m|m)]

("5
m? + n?
— 21u|m| exp |:1u < > |m|>i| (11.13)
n?—
[ ( + Im|v1—n >:|

21u|

exp |:1u (" — ImV1 —n2)} (11.14)
21u|m|

It can be seen from (11.13) and (11.14) that the defocused CTF decays as
1/iu|m|, so that the CTF is weighted by 1/|m]| after applying the 1D FT. The cutoff
of the 3D CTF is

cc(m,n;u) =

2 2 2
A and B: 2 —|m|\/1—n2<s<|m|—$,\/l—n2>l—|m|
(11.15)
2
C: —mV1-n2<s < — +|m|\/1—n V1—n?2<1—|m|
(11.16)

and its shape shown in Fig. 11.7. There is a line singularity in the plane m = 0, along
the curved line s = —n?/2, so there is a missing (curved) wedge of spatial frequen-
cies. The spatial frequency coverage is non-isotropic. This contrasts with the case
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(a) (b)

Fig. 11.7 3D transfer function cutoff for 1D illumination rotation peanut case with (a) fop and (b)
flipped bottom views

of 1D object rotation [36], where there is a point singularity atm = n = s = 0, and
the region of missing frequencies is bounded by the figure of rotation of a parabola
(for the paraxial case) about a tangent through its vertex (an apple core shape) [39].

11.2.3.2 High-Aperture Treatment

In the previous section, the full aperture condition of a sphere is reduced to a
paraboloid in paraxial approximation. The more general case in high-aperture imag-
ing implies incorporation of spherical 3D pupils [40]. The direct Fourier integration
method, as used in last section under spherical convolution, proves to be difficult for
deriving an analytical solution under spherical convolution. Instead, 3D analytical
geometry is deployed as spherical caps are translated and rotated, and their motional
trajectories being calculated.

The simpler case of the object being uniformly imaged over a complete sphere of
directions is first considered. Then, by symmetry, the situation is the same whether
the object is rotated through a complete circle, or the illumination is rotated over
a complete circle. Geometrically the CTF can be visualized as being formed by
rotating a sphere about an axis through a point on its surface (Fig. 11.8a). The 3D
pupil rotates about the axis of rotation (Fig. 11.8b). The final result is a spindle
torus [41]. If the axis of rotation is taken as the 7, then the final CTF is rotationally
symmetric about the n axis. Consider that the sphere intersects the n, s plane in a
circle, with the equation

n* 4 5% —2scosh =0 (11.17)
filling in the interior of the torus. We then have the 3D CTF for imaging the com-

plete sphere after integrating angle 6 from —n /2 to 7 /2 of the above circle [35]
(Fig. 11.9),
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Fig. 11.8 Analytical geometry for deriving high-aperture full-circle rotation case (a) 3D view (b)
projective 2D view

Fig. 11.9 The 3D transfer function cutoff for object rotation in uniform sphere. (a) Spindle torus
for 4 configuration. (b) Torus for object rotation with aperture semi-angle equals to 77/3
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Turning now to the case of the high-aperture peanut for illumination rotation in
1D, the axis of the lens pupil now remains fixed relative to the s axis, so that the
3D pupil translates rather than rotates [19], its centre traveling through an arc of
angle & < «, where sin« is numerical aperture of the objective. Let us set up a
coordinate system in 3D Fourier space where the rotation direction is about an axis
in the transverse plane, i.e., n for this case, so that s is the axial direction, and m is
the other direction in the transverse plane (Fig. 11.10). 6 is the maximum physical
rotation angle one would implement for the incident wave, which is limited by the
numerical aperture of the system. In the m, s plane we can consider contributions
to the spatial frequency cut-off for m > 0 only for simplicity, since the final 3D
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Fig. 11.10 Detailed F
analytical geometry for A m
deriving high-aperture
peanut. The figure depicts a
specific plane at normalized n
value of 0.6

Y

(a)

CTF will be symmetrical about m. Translation of the cap of the sphere can now
be visualized as the translation of an arc AQB (dashed magenta colored) in a plane
with center C moving to C1 (or C2 for m negative). The cutoff at the maximum
value of s is given by a translation of A to its maximum possible extent to Al or
A2, i.e., a translation of the rim of the cap of the sphere in 3D and denoted Sg max
(for m > 0, dark blue colored) in Fig. 11.10. The cutoff for a minimum value
of s is more complicated and turns out to be constituted of three parts. Its major
part is determined by the surface of the sphere after translation, i.e., the arc AQB
at its maximum possible position A1Q1B1 or A2Q2B2 after translation (magenta
colored, denoted Sg for m > 0). There is also a part of the minimum value cutoff
determined by the rim of the cap of the sphere, i.e., A moving downward to A2 or B
moving upward to B1 (green colored, denoted for m > 0). However, the final part
of the cutoff for minimum s is extended by the translation of points on the surface of
the sphere, i.e., points on AQ moving downwards or points on BQ moving upwards
(cyan colored, denoted S7) when 0 is smaller than «. This gives a cutoff the same
as the toroidal apple core shape for rotation of the sample. The different regions of
behavior are shown in Fig. 11.10, and each of their analytical expressions is given
[35]. Combining all the regions of boundary, we obtain three analytical inequalities
that completely define the overall shape of the high-aperture peanut,

2 2 2 2 2 172 12
|:cos a—m-+n +2|m|<sin a—n) i| —cosa > §

2 2 2 : !
>cosot—[cos 0a—m-—n +2|m|sma]

1/2 1/2
sina+<sin2a—n2) > |m]| >sina—<sin2a—n2) (11.19)
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Fig. 11.11 The 3D CTF spatial cutoff for illumination rotation in high-aperture transmission imag-
ing with aperture semi-angle equals to /3. Left: top view Right: flipped bottom view
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From these three inequalities one can plot the geometrical representation of the
3D cutoff. The final CTF is illustrated in Fig. 11.11, and the shape is interestingly
similar to our previous paraxial peanut (Sect. 11.2.3), but exhibiting some signifi-
cant differences. In particular, there is no longer a line singularity in the plane of n,
s when m = 0. The 3D imaging performance for objects extended in the s direction
is therefore better than that predicted by the paraxial treatment.

11.3 Partially Coherent Phase Microscopy

Imaging of transparent specimens requires special optical methods to transform
the phase information into intensity information — which is detectable by detec-
tors such as human eye and camera. Until recently, quantitative measurement of
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phase information has been carried out with spatially coherent or nearly spatially
coherent illumination — due to ease of inverting the linear image formation process
applicable to coherent imaging. However, coherent illumination suffers from some
serious drawbacks, especially when imaging microscopic specimens, viz., lack of
resolving power, artifacts due to impurities in the light path, speckle and lack of
optical sectioning. To limit the undesirable effects of speckle and mottle (noise due
to impurities in the optical train), sources of slightly reduced coherence have been
employed for holography [42, 43]. However, imaging systems that use partially
coherent illumination using a large aperture (i.e., illuminate the specimen simulta-
neously from a finite range of angles) can overcome all of the above disadvantages.
Therefore, partially coherent methods have been popular in microscopic imaging of
biological specimens — examples being phase contrast and differential interference
contrast (DIC). However, when partially coherent illumination is employed, image
formation is no longer linear in the amplitude transmittance of the specimen, but is
rather bi-linear [44, 45]. The complication of bi-linear imaging, together with lack
of extensive research into bi-linear image formation of phase imaging methods, has
impeded development of appropriate phase-reconstruction methods that can account
for the spatial frequency filtering effects of the microscope.

The transport of intensity equation (TIE) [46—49] and differential interference
contrast (DIC) [50, 51] are two partially coherent methods that have been exten-
sively investigated for quantitative phase measurement. In scanning electron and
optical microscopy, the partially coherent method of differential phase contrast
(DPC) [52, 53] has been employed. We have recently developed [54] a full-field
version of DPC which we termed, asymmetric illumination-based DPC (AIDPC). In
the following sections, the working principles and image formation in these partially
coherent methods are described. Alongside the discussion on image formation, we
also survey progress in phase retrieval using these methods. Note that while coherent
methods are linearly dependent on phase, partially coherent methods often detect
derivatives of the phase information from which phase is retrieved by integration.

11.3.1 Phase-Space Imager Model for Partially Coherent Systems

A schematic of a general partially coherent method (which can be based on scanning
or full-field geometry) is shown in Fig. 11.12.
We model the specimen as being a thin transparency,

t(x,y) = a(x, y)e?™”) (11.22)

where a(x, y) is the absorption and 6(x, y) = —(2r/lambda)O (x, y) the phase
delay introduced by the specimen due to its optical thickness O (x, y).

Let us write a space domain model for the system shown in Fig. 11.12. The
image intensity is the sum of the intensities due to individually incoherent condenser
points, the image formation by each point of the condenser being spatially coherent.
This leads us to the space domain model of partially coherent systems as follows:
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Wide source / Condenser / Specimen Qbjective Tube 1 Raster of point
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Fig. 11.12 Schematic representation of a general partially coherent system. A scanning-based
(light propagation from right to left) or wide-field (light propagation from left to right) partially
coherent imaging system is described by intensity distribution in the condenser pupil and amplitude
distribution in the objective pupil. Labels in italics indicate terms used for the scanning microscope.
fe» fo, and fi are focal lengths of the condenser/collector, objective, and tube lens, respectively

1(x) = / PO 755 (%) @ h(x) "ag

= / / | Pe(&) 121 (x0)1* (X2) i (X — X1) ¥ (X = X2)e?™ 8- 17X 4y dxpdé
(11.23)

where | P.(£)|? is the intensity distribution of the condenser aperture and % (x) is the
amplitude point spread function (PSF) of the imaging path. ¢27-X is the oblique
plane wave illumination produced by the illumination pupil coordinate &. All inte-
grals range from —oo to oo unless otherwise noted. Different partially coherent
systems essentially differ in the structure of the condenser and objective pupils.
Aberrations (including defocus employed in TIE) are accounted for by employing
a complex effective objective pupil. The phase distribution at the condenser aper-
ture is unimportant due to its incoherence. We express all spatial domain coordi-
nates in normalized unit of A/NA,. All pupil and spatial-frequency coordinates are
expressed in unit of NA,/A. Above equation shows that partially coherent imaging
is inherently nonlinear (precisely, bi-linear) due to presence of large illumination
aperture. The bi-linearity of the image formation is manifested in the dependence of
the image intensity at a given point on pairs of specimen points (X1 and Xz,) rather
than individual specimen points.

The space-domain model of (11.23) makes it difficult to segregate effects of the
specimen and the system. Hopkins developed a spatial-frequency model based on
concept of the transmission cross-coefficient (TCC) [44] that segregates the contri-
butions from the specimen and the system. Sheppard and Choudhury showed that
the same model is applicable to a scanning microscope which does not employ a
pin-hole [45]. However, the scanning microscope that employs a pin-hole (confocal
microscope) has very different imaging properties as discussed in [45], although
it, and other partially coherent imaging systems, can still be regarded as a gener-
alization of the TCC model. In the TCC model, bi-linearity is manifested by the
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dependence of the spatial frequencies of the image on pairs of spatial frequencies of
the specimen, as seen from the following equation [34, 44, 45].

[(x) = / / T (my) T* (my)C (my, mp)e™ M ~M2)Xqm, dm, (11.24)

In the above, C(my, my) = %f|PC(§)|2PO(m1 + &)PF(my + &)dE is the
normalized transmission cross-coefficient (TCC) of the imaging system. The TCC
is also called the partially coherent transfer function (PCTF) or bi-linear transfer
function. Interpreting geometrically, the TCC for a conventional (i.e., not confocal)
system is the area of overlap of three pupils — the condenser pupil (purely real)
assumed to be situated at the center, the objective pupil shifted by my, and the
conjugate objective pupil shifted by m,.

Interpretation of image formation in terms of pairs of points or pairs of frequen-
cies of the specimen is somewhat involved and non-intuitive. It is well-known that
certain phase-space descriptions (exemplified by the Wigner distribution) are also
bi-linear [55]. These phase-space distributions are physically more insightful and
offer computational advantages. We have recently discovered a phase-space equiv-
alent of the TCC model, termed the phase-space imager (PSI).

As per the PSI model [56, 57] the image intensity is given by

I(x) = /lIJ(m, x; ¢)dm (11.25)
where,
Y(m,x; C) = / Sy (m, m’)C (m, m)e2™ ™ Xqm/ (11.26)

is the windowed Wigner distribution of the specimen transmission [55]. This distri-
bution is the phase-space imager.
The quantity

Spy(m, m’) = T (m + ”bfm/) T* (m n ”b’;m/) (11.27)

2
is termed the mutual spectrum of the specimen. The imaging system can be said

to filter the mutual spectrum with the window C(m, m’), which we call the phase-
space imager window (PSI window). The PSI-window is given by

Cm,m’) = CLN,/ |PC(’§)|2P0 <m+ I% -i—f;') P} (m— m7 +§) dé¢ (11.28)

The PSI-window can be computed as an area of overlap of three pupils, the con-
denser pupil | P.(& )|2| situated at the center, the objective pupils P,(£) and P} (&)
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Fig. 11.13 A hypothetical 1D phase specimen used to illustrate the image formation in DIC,
DPC, and TIE: (a) magnitude (dashed line) and phase (solid line) of the transmission, (b) the
log-magnitude of the mutual spectrum of the specimen, (¢) Wigner distribution of the specimen,
and (d) the ‘ideal’ image obtained as a spatial marginal of the Wigner distribution

shifted from the center by vector m and from that point, P,(&) shifted by vb, f;m,

and P; (&) shifted by —vbme/. We adapted our previously published algorithm for
computing the TCC [58] to compute the PSI-window as discussed in [57].

In Sect. 11.3.2, 11.3.3 and 11.3.4, we discuss image formation in DIC, DPC, and
TIE in terms of the above model using a simple hypothetical 1D phase-specimen
depicted in Fig. 11.13. The interference structure in the Wigner distribution contains
the information about phase-gradient of the specimen as a function of space. It is
interesting to note that when computing the “ideal” image as a spatial marginal of
the Wigner distribution, this phase information is canceled perfectly, as it is known
to do. As seen in Figs. 11.15, 11.16, 11.17 and 11.18 the imaging system can be
thought of as modifying the specimen’s Wigner distribution, to provide a distri-
bution whose spatial marginal does have phase information. In the following text,
we use the terms point source, spatially coherent source, and coherent illumination
interchangeably to imply a condenser aperture closed down to a point on the optical
axis.

11.3.2 Differential Interference Contrast

DIC is a polarization-based wavefront shearing interferometer [50, 51]. It employs
polarizing optics to produce two orthogonally polarized beams that traverse the
specimen, a sub-resolution distance apart from each other. These two beams “per-
ceive” slightly different optical path lengths of the specimen. Both beams are
combined after traversing the specimen and upon interference, produce an inten-
sity distribution that depends on the difference of phase between the two beams.
Since the beams “see” the same phase profile but shifted by a sub-resolution dis-
tance, the intensity distribution produced by their interference represents the spec-
imen’s phase-gradient to the first approximation. Image formation in DIC is rather
involved [16, 58, 59] and the image depends on the absorbance, phase, and birefrin-
gence of the specimen.
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Fig. 11.14 Schematic representation of image formation in DIC. The color is used to indicate
polarization of light: (a) Popular view of image formation in DIC and (b) Coherence view of
image formation in DIC

The popular description of image formation in DIC is as follows (depicted in
Fig. 11.14a): The polarizer and the Nomarski prism on the condenser-side (CPrism)
create two orthogonally polarized beams (indicated by yellow and green lines).
These two beams are focused at the specimen plane at sub-resolution distance apart.
The beams traverse the specimen, are collected by the objective, and are combined
by the objective-side prism (OPrism) and the analyzer. However, it is known that
DIC employs Kohler illumination — thus the beams illuminate the whole specimen,
rather than being focused at two points. Therefore, a more accurate description of
image formation is as follows [60] (depicted in Fig. 11.14b): the plane wave origi-
nating from each point of the condenser aperture is split into two orthogonally polar-
ized plane waves. Two such plane waves originating from the on-axis and off-axis
points of the condenser aperture are shown in the figure. The beams comprising of
plane waves of given polarization are individually partially coherent. However, they
are mutually coherent since they are derived from the same scalar field produced by
the polarizer. The objective side light path is entirely responsible for the shearing
interferometry process [51, Chapter 7]. The role of illumination-side polarization
optics is to create a field that is mutually coherent at distance equal to the shear [58].
We term this view of the image formation a coherence view.

11.3.2.1 Partially Coherent Model

Although DIC is preferably used with partially coherent illumination, initial mod-
els have assumed coherent illumination to study the effects of shear and bias on
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properties of the imaging path [61, 62]. Recently, partially coherent models have
been developed that account for properties of the illumination as well [16, 58, 59,
63]. Sheppard & colleagues [16, 59] assumed matched illumination (S = 1) and
accounted for the effects of both the condenser-side and the objective-side prisms.
Preza [63] accounted for arbitrary illumination aperture, but did not account for the
effects of the condenser-side prism. We elucidated the effects of both the condenser
geometry and the condenser-side prism on coherence of illumination to develop a
more complete model of imaging in various configurations of DIC [58]. We termed
the standard DIC setup, Nomarski-DIC, and the DIC setup lacking the condenser-
side prism (as simulated by Preza), as Kohler-DIC [58, figure 1]. We have shown
with simulations of TCC and experimental images that the role of condenser-side
prism is to illuminate the points that are separated by a distance equal to shear in
the spatially coherent manner. The objective side light path, per se, performs the
shearing interferometry operation. As an additional benefit of segregation of the
specimen and system, we developed an accurate method of calibrating shear and
bias of a DIC setup without having to use a sample [60].

In the following analysis, we assume that the shear is along the x-direction and
that a hypothetical specimen being imaged has phase-profile variation along x as
shown in Fig. 11.13. The specimen is assumed to be constant along the y-direction.
If the shear and bias employed by the DIC microscope are 2A and 2¢, let us define
a kernel

Apic(X) =8(x + A, y)e i —s(x — A, y)e'® (11.29)

which accounts for the spatial-shift and the phase-shift introduced by the DIC com-
ponents. Note the use of scalar space variables (x, y) and the scalar spatial frequency
m along the x-direction. The effect of shear is only along x-direction, and the imag-
ing in y-direction remains the same as in bright-field setup.

In Nomarski-DIC configuration, both prisms employ the same shear and effec-
tively image the following transmission function of the specimen [58, equation 7].

N (X) = 1(X) ® Apic(X) (11.30)

In the frequency domain, the convolution above leads to a modification of the speci-
men spectrum by factor 2isin(2rm A — ¢). The modification of the specimen spec-
trum can be accounted for by modifying the bright-field TCC [58, equation 11], and
equivalently by modifying the bright-field PSI-window. Therefore, the PSI-window
for Nomarski-DIC is

Cundic(m, m’) = C(m, m’) sin [271 (m + %) A — ¢>i| sin |:271 (m — %) A — ¢i|
(11.31)

where m and m’ are center and difference spatial frequencies along the x-direction.
Figure 11.15 illustrates the process of computation of the image of the hypothetical
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Fig. 11.15 Computation of the partially coherent image of the specimen shown in Fig. 11.13
under Nomarski-DIC: DIC components are assumed to provide shear of 2A = 0.4A/NA, and
bias 2¢ = 7 /2. (a) PSI-window, (b) log-magnitude of the filtered mutual spectrum, (c¢) the PSI,
and (d) partially coherent image obtained as a spatial marginal of the PSI

specimen under a Nomarski-DIC system. Note that the PSI-window shown in
Fig. 11.15a was computed by first computing the bright-field PSI-window [56, fig-
ure 2], followed by modulation as per (11.31).

11.3.2.2 Phase Retrieval with DIC

Due to difficulty in inverting the full bi-linear model, various approximations have
been employed for estimating phase from DIC images.

The most widely used assumption is to ignore diffraction and use a geomet-
ric model to describe image formation in DIC. With this assumption, the image
formation in DIC becomes similar to interferometry with two beams of the form,
t(x + A,y)e”® and 1(x — A, y)el?, where 7(x, y) is the transmission of the
specimen (Eq. 11.22). The problem of estimating the phase difference between

do(x.y)
dx

two beams ( ) becomes similar to phase-shifting interferometry. By mea-

suring the DIC images at different biases, the phase-shifting DIC method [64—
67] obtains an image that linearly represents the gradient of the image along one
direction. By measuring the phase-gradient along two orthogonal directions with
phase-shifting DIC [67-71], one can obtain the vector gradient field of the phase of
the specimen. The vector gradient field can be integrated with non-iterative Fourier
integration [67, 72] or iterative methods originating from the field of 2D phase
unwrapping [73].

A semi-quantitative approach is developed by Shribak & colleagues [74] to pro-
duce high-resolution orientation-independent maps of the phase of the specimen. In
this approach, assuming a geometric model as well as a small shear allows estima-
tion of the linear gradient along the shear-direction from two DIC images. The esti-
mated gradients are assumed to arise by a convolution of a phase map with a point
spread function (having positive and negative peaks separated by shear distance) and
oriented along X and Y. By applying iterative constrained optimization developed
by Autoquant, their approach produces an image that represents deconvolved phase
variation of the specimen. Note that the goal of this approach is to produce an image
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that represents the dry mass of biological specimens and to eliminate directional
effect present in DIC due to shear — not to provide quantitative retrieval of the optical
path length of the specimen.

By assuming coherent illumination, Preza et al. have proposed iterative
approaches for phase retrieval from non-absorbing specimens using rotational diver-
sity [71] and absorbing specimens using two-level optimization [75].

Ishiwata et al. [76, 77] have assumed a weak specimen, but partially coherent
source, to develop a phase-retrieval approaches based on iterative optimization. The
assumption of a weak specimen allows isolation of phase information (affected by
the transfer function of the microscope) by measuring two images at equal and oppo-
site bias, from which one can retrieve phase information by deconvolution with help
of the transfer function [76].

11.3.3 Differential Phase Contrast

As is evident from the discussion in the previous section, DIC has a rather complex
image formation mechanism that depends on the shear, the bias, and the system’s
pupils. Because of this complexity, the DIC image does not linearly represent the
specimen’s phase-gradient. Therefore, quantitative imaging with DIC necessitates
use of approaches such as phase-shifting, which require acquisition of multiple
images at different bias values. As a simpler and more quantitative alternative, DPC
was developed using a split-detector in scanning optical microscopy [52, 53]. A
schematic diagram of DPC system is shown in Fig. 11.16. Scanning DPC is sensi-
tive to small changes in the specimen’s phase-gradients [78] and is inherently more
quantitative than DIC. We developed a reciprocal equivalent of the DPC system that
uses a “split-source” — which is positive in one half and negative in the other. The
negative half of the split-source is synthesized by acquiring two images by blocking
opposite-halves of the condenser aperture and then taking their difference. Since
this method uses asymmetric illumination (from halves of the condenser aperture),

Split source/ Condenser / Specimen Qbjective Tube lens Raster of point
Split detector  Collector ) detectors (CCD) /
Raster of point
Pe(€.m) source (laser scan)

fe fe fo Infinity space i

Fig. 11.16 Equivalence of a full-field system using split-source (AIDPC) and a scanning system
with split-detector (scanning DPC). The light propagates from left to right in the full-field system
and from right to left in the scanning system. The direction of phase differentiation is assumed to
be the X-direction
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we call it asymmetric illumination-based differential phase contrast (AIDPC) [54].
Since both methods are reciprocal to one another, their imaging properties are
identical. AIDPC differs from the Schlieren-type imaging methods, e.g., Hoffman
modulation contrast [79] and asymmetric illumination contrast [80], in terms of
the synthesized negative condenser aperture that allows quantitative imaging of the
phase-gradient. In presence of birefringence, phase-shifting DIC fails to provide an
image proportional to phase-gradient [54, 81]. DPC on the other hand is insensitive
to birefringence and provides an image linearly dependent on the phase-gradient of
the specimen along the direction of split. By measuring the phase gradient in two
orthogonal directions with either DPC or DIC, one obtains the vector gradient field
of phase information. By appropriately integrating the gradient field one can recover
the specimen’s phase. By controlling the sensitivity of the detector in scanning sys-
tem or intensity profile of the source in full-field system it is possible to improve the
linearity of the image formation [82-84].

11.3.3.1 Partially Coherent Model

The partially coherent model of DPC is simpler in comparison to DIC and is illus-
trated in [57, section 5].

Figure 11.17 shows computed image of the specimen shown in Fig. 11.13. From
Fig. 11.17(a) we notice that the PSI-window of AIDPC has a simple structure which
is odd along the instantaneous spectrum (m). This odd symmetry results in sen-
sitivity of AIDPC to the phase-gradient information as is evident from the PSI
shown in Fig. 11.17c and simulated images shown in Fig. 11.17d. Thus, AIDPC
provides nearly linear measurement of the directional gradient of the specimen
and is simple to implement (no modification on the objective-side light path is
required). Since AIDPC does not modify the objective side light path, it provides
high light throughput and is easy to integrate with other imaging modalities such
as fluorescence microscopy. AIDPC offers an attractive alternative to DIC in this
respect.
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Fig. 11.17 Computation of the partially coherent image of the specimen shown in Fig. 11.13 under
DPC: The arrangement of this figure is the same as Fig. 11.15. AIDPC image is seen to be linearly
dependent on the gradient of the specimen, albeit effects of filtering especially at high spatial
frequencies are visible
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11.3.3.2 Phase Retrieval with DPC/AIDPC

In the geometric approximation, DPC/AIDPC provides a nearly linear measurement
of the specimen’s phase gradient. Therefore, one does not require phase-shifting
DIC. The single gradient image can be integrated to provide phase image [85]. Also,
by measuring the gradient in two orthogonal directions, one can use the Fourier inte-
gration algorithm (used for DIC) to retrieve the phase. To the best of our knowledge,
phase-retrieval approaches that take diffraction into account within DPC setup (even
approximately) have not yet been published. A possible reason is that in X-ray and
electron regimes, where this method is currently used more frequently than in optics,
the geometric assumption suffices.

11.3.4 Transport of Intensity

TIE relies on the fact that the phase of the wavefront introduces variation in the
intensity distribution as it propagates. By measuring intensity distribution along the
optical axis at multiple (usually three) positions (i.e., axial derivative of the inten-
sity), one can infer the wavefront shape (transverse Laplacian of the phase). Thus,
TIE allows measurement of second derivative of the phase. Note, however, that this
is not the phase of the specimen, but rather phase of the wavefront in the image
plane. The commonly known transport of intensity (TIE) equation was proposed by
Teague [46] as part of the scheme in optical phase-retrieval problems. The aim is to
deduce optical phase from only irradiance measurements using non-interferometric
techniques. Compared to many other phase retrieval algorithms [86], TIE is non-
iterative, purely computational and no auxiliary device needs to be introduced.

The original set of TIE equations proposed by Teague consists of two equations
that are developed from parabolic wave equation. Let wave amplitude be expressed
in terms of the irradiance I and the phase ¢, which are real-valued quantities

172 .
U.(r) = [L.(0)] 2 exp [ip.(r)] (11.32)
The two TIE equations are repeated here

2w 0

S I=-VelV 11.33
A 0z «IVé ( )
4 1 1
T2 = JIVA — (VI — IA(V$)? + kI (11.34)
A 0z 2 4

with the first one being the fransport of intensity and the second one being the
transport of phase. All the V operators are in 2D transverse direction, and the vector
coordinates are (r, z). The first one can be simplified into a 2D Poisson equation
and hence is the choice for a solution of ¢ while the latter equation does not enjoy
the same popularity and is rarely used mainly due to its higher orders.
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11.3.4.1 Partially Coherent Model

Most of the current approaches of reconstructing phase from TIE equation ignore
the diffraction effects. Sheppard [87] discussed the defocused transfer functions
assuming a weak specimen and proposed an inversion approach. Recently, Nugent,
Arhatari, and colleagues presented a similar analysis by assuming a weak speci-
men [88, 89]. In the following, we present our preliminary results related to bi-linear
image formation in TIE using the PSI model.

Effects of defocus can be accounted for by modulating the objective pupil with
the aberration term of e’i”pz, where u is the normalized defocus co-ordinate. Thus,
equal and opposite defocus give rise to conjugate objective pupils. Consequently,
it follows from (11.24) and (11.28) that the TCC and PSI-windows will also be
complex conjugates for equal and opposite values of u.

We have assumed a non-absorbing specimen. Therefore, the in-focus image is
uniformly bright and the difference of images taken across with equal and oppo-
site bias equal the transverse Laplacian of the phase. Since the computation of the
Laplacian involves only linear operation when the specimen is non-absorbing, we
can associate a PSI-window with it. Since the PSI-windows for equal and opposite
bias are complex conjugate of one another, the effective PSI-window (their differ-
ence) for TIE measurement is simply the imaginary part. Figure 11.18 shows the
PSI-window for TIE measurement and an image computed using that PSI-window.
It is seen that image does represent the second derivative of the phase; however, the
filtering effects of the finite apertures are also visible.

11.3.4.2 Phase Retrieval With TIE

Experimental implementations of TIE started with Ichikawa et al. [90] who demon-
strated phase retrieval when an amplitude grating is inserted into a plane z = 0 right
after the pupil plane. At about the same time, another group of people were working
independently on developing methods for wavefront sensing through its curvature
values [91], and it turns out TIE and wavefront curvature sensing are unified prob-
lems [92]. Recently, a group in Australia revived the interest of TIE by integrating it

(a)

0.02

0.01

-0.01

-5 -20

0 20
X

3o

Fig. 11.18 Computation of the partially coherent image of the specimen shown in Fig. 11.13 under
TIE with defocus of u = 4. The arrangement of this figure is the same as Fig. 11.15, except that
(a) depicts the imaginary PSI-window
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directly to X-ray microscopy and bright-field optical microscopy, coining the term
quantitative phase microscopy (QPM) [93]. The fact that TIE is not restricted to
coherent regime and works also with a partially coherent source [47, 48] makes it
accessible to a wide range of experiments in the optics [94], and X-ray regimes [95],
as well as electron-beam microscopy [96].

11.4 Discussion and Conclusion

We have presented a transfer function analysis for some key approaches for today’s
coherent imaging systems, namely the basic digital holography technique and also
holographic tomography based on rotation either of the object or of the illumi-
nation. Through visualizations of the 3D spatial content of the transfer functions,
we can comprehend the image formation behavior of these systems better. Ideally
one would like to cover with these 3D CTF entities as large a range of spatial fre-
quencies as possible. We can observe the strength and weakness of each imaging
modality, and perhaps devise better inverse filtering algorithms to fill in the gaps.
Proper usage of these 3D CTFs will lead to enhanced imaging performance and
more accurate phase retrieval [35]. A specific experimental result was obtained with
lensless holography to demonstrate quantitative phase retrieval.

We have also described an emerging class of quantitative methods based on par-
tially coherent illumination. These methods provide useful advantages of higher res-
olution and improved signal to noise ratio over coherent methods based on simple
holography when imaging microscopic specimens. We have discussed image for-
mation and transfer properties of three important partially coherent methods (DIC,
DPC, and TIE) using the phase-space imager model. This analysis should also lead
to deeper insight into their quantitative behavior and useful inversion approaches.
The phase-space imager model provides a unified and promising framework for
design and analysis of the quantitative partially coherent systems.

The coherent transfer function approach for imaging in holography with a single
illumination direction is based on the first Born approximation for scattering by
the object. The geometries of the CTFs are unchanged for other theories for the
scattering of the illuminating wave by the sample. However, the relative strength
of the CTF depends on the scattering model. The different models range from rig-
orous or approximate methods based on modal, coupled wave, or integral equa-
tion approaches, to other approximations including those based on Born, Kirchhoff,
Rytov, Raman-Nath, or Rytov models [97-99].

For tomography, a point in Fourier space corresponding to a particular object
grating vector can represent illumination by waves of different wave vector, and the
strength of scattering for these is in general different. For tomography with rotation
about a single axis two possible directions of illumination correspond to a particular
point in Fourier space. For tomography with rotation about two axes, there are in
general a range of illumination directions corresponding to different Ewald spheres
through the point representing the grating vector. Reconstruction based on the Rytov
approximation can be performed by processing holograms for different illumination
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directions independently. For partially coherent imaging, illumination from differ-
ent directions is performed simultaneously, so that information from the different
illumination directions is lost in the image recording process. This may constitute
a disadvantage of the partially coherent approach for image reconstruction. Simi-
larly, confocal interference imaging, in which the object is illuminated coherently
simultaneously from different directions, also loses the information about different
illumination directions.
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Chapter 12
Improving Numerical Aperture in DH
Microscopy by 2D Diffraction Grating

Melania Paturzo, Francesco Merola, Simonetta Grilli, and Pietro Ferraro

Abstract In this chapter an approach using a 2D phase grating to enhance the
resolution in digital holographic microscopy exploiting the electro-optic effect is
proposed. We show that, by means of a tunable lithium niobate phase grating, it is
possible to increase the numerical aperture of the imaging system, thus improving
the spatial resolution of the images in two dimensions. The enhancement of the
numerical aperture of the optical system is obtained by recording spatially multi-
plexed digital holograms. Furthermore, thanks to the flexibility of the numerical
reconstruction process, it is possible to selectively use the diffraction orders carrying
useful information for optimizing the diffraction efficiency and to increase the final
spatial resolution.

12.1 Super-Resolution Methods in Digital Holography

Recently, important results have been achieved for increasing the optical resolution
in DH imaging. Essentially, the resolution of the optical systems is limited by the
numerical aperture (NA). In fact, because of the finite aperture of the imaging sys-
tem, only the low-frequency parts of the object spectrum are transmitted and then
recorded by the sensor. Therefore, the corresponding reconstructed images are band
limited in the frequency domain.

Several strategies have been defined and different approaches have been tested to
increase the NA of the optical system in order to get super-resolution. Most of the
methods are essentially aimed at increasing synthetically the NA of the light sensor.
They can be divided into three groups according to the kind of strategy adopted.

In the first group’s techniques, multiple subsequent acquisitions are performed
while the CCD camera is moved with respect to the object, in order to collect light
scattered at wider angles. For example, Massig et al. increased the NA by recording
nine holograms with a camera (CCD array) translated to different positions and by
recombining them in a single synthetic digital hologram [1]. Martinez et al. trans-
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lated the camera by a few microns in order to increase both the spatial resolution
and the sampling in the recoding process [2].

In the second group we find all the methods in which the object is illuminated by
different directions and the light is collected from the same imaging system.

For example, Alexandrov et al. were able to break the diffraction limit by rotating
the sample and recording a digital hologram for each position in order to capture the
diffraction field along different directions. Then, the multiple recorded holograms,
each registering a different, limited region of the sample object’s Fourier spectrum,
are ‘stitched together’ to generate the synthetic aperture [3, 4]. A different approach
was proposed by Kuznetsova et al. who rotated the sample with respect to the optical
axis in order to re-direct the rays scattered at wider angles into the aperture of the
optical system, thus going beyond its diffraction limit [5].

Mico et al. proposed and demonstrated two methods for enhancing the resolution
of the aperture limited imaging systems based on the use of tilted illumination [6, 7].
In [6], they use vertical-cavity surface-emitting laser (VCSEL) arrays as a set of
coherent sources, mutually incoherent. The technique accomplishes the transmis-
sion of several spatial frequency bands of the object’s spectrum in parallel by use of
spatial multiplexing that occurs because of the tilted illumination of the source array
(see Fig. 12.1). In [7] a time multiplexing super-resolved approach to overcome the
Abbe’s diffraction limit, based on the object’s spectrum shift produced by tilted
illumination, is presented (see Fig. 12.2).

Price et al. [8] described a technique to computationally recombine multiple
reconstructed object waves, acquired under a variety of illumination angles, that
increase spatial resolution from a physical NA of 0.59 to an effective NA greater
than 0.78.

Fig. 12.1 Experimental setup used in [6]: five lit VCSELSs are used simultaneously as light sources
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Fig. 12.2 Sketch of the experimental arrangement; synthetic object spectrum and comparison
between synthetic aperture and conventional images [7]
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In all the aforementioned techniques, the Fourier spectra of the different object
waves have to be joined together in order to get the super-resolved image, and, often,
to this aim, complex numerical superimposing operations are needed.

The third group includes all techniques that exploit a diffraction grating, inserted
in the optical path, for increasing the NA.

In this case, no handling of Fourier spectra is necessary. In fact, the super-
resolved images can be obtained simply by using the diffraction effect of an appro-
priate grating [9-11]. Essentially, this technique allows one to collect parts of the
spectrum diffracted by the object, which otherwise would fall outside the CCD array.
This was achieved by inserting a diffraction grating in the recording DH setup. The
basic principle is simple but effective. In fact, the diffraction grating allows one to
re-direct toward the CCD array the information that otherwise would be lost. Basi-
cally, three digital holograms are recorded and spatially multiplexed onto the same
CCD array. Super-resolved images can be obtained by the numerical reconstruction
of those multiplexed digital holograms, by increasing three times the NA.

In [9], a 1D diffraction grating was used, thus enabling to increase the NA of
the recording system only along one direction, while in [10] a special diffraction
grating is used. It has three important characteristics that allow one to improve the
optical resolution behind the limit imposed by the recording system. First, it is a
2D hexagonal grating that allows one to obtain super-resolution in two dimensions.
Second, it is a phase grating, instead of the amplitude one. The main drawback of the
amplitude gratings is the smaller overall diffraction efficiency. In fact, only the light
passing through the openings is used for imaging formation, that is, only a part of the
total amount of light illuminating the grating. This characteristic can turn out useful
when the light gathering is critical. Third, it is made of an electro-optic substrate
(lithium niobate) and therefore it has a tuneable diffraction efficiency, allowing to
adjust the relative intensities of the multiplexed holograms in order to improve the
quality of the super-resolved images.

12.2 Synthetic Aperture Digital Holography by Phase
and Amplitude Gratings

The holographic setup adopted in our experiments is shown in Fig. 12.3. The record-
ing process was carried out by using a Fourier configuration in off-axis mode. The
laser source is a He—Ne laser emitting at 632 nm. The specimen is illuminated with a
collimated plane laser beam, and a spherical laser beam from a pinhole is used as the
reference beam. The distance between the pinhole and the CCD is the same as that
between the object and the CCD, according to the Fourier holography configuration.
The CCD array has (1024 x 1024) pixels with 7.6 pm pixel size.

The diffraction grating G is inserted in the optical path between the object and
the CCD. We used two different kinds of diffraction gratings: a phase grating and
an amplitude one. Both of them are 2D array to allow us to increase the resolution
in two dimensions. The first one consists of a 2D array of hexagonally periodically
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poled domains in lithium niobate (LN) crystal (with a pitch of 35 pum), while the
second one is a standard amplitude grating, commercially available, with a pitch
of 25 wm.

As to the numerical reconstruction of the multiplexed digital hologram, it is
divided into two steps. First, the wavefield in the plane just behind the grating is
obtained through the formula

b(x1,y1)
_ 1
T irdy

K ././r(xz,yz)h(xz,yz)ecle%[xgﬂz]e Mz[xzx‘Jr‘z“]dxzdyz
(12.1)

where 7 (x2, y2) is the reference wave while A (x>, y2) is the intensity of the digital
hologram acquired by the CCD.

The complex amplitude distribution of the plane immediately before the grat-
ing can be obtained by multiplying b(x1, y1) with the transmission function of the
grating, T (x1, y1), and the reconstructed image in the object plane xg, yp can be
obtained by computing the Fresnel integral of b(xy, y;)T (x1, y1) according to

b(xo, yo0)
1

— mekdl X0+y() /f b(xh))l)T(xl,yl)edl [ +y1] )Ldl [x1x0+}’|}’0]dxldyl

(12.2)

However, in Sect. 12.2.2, we demonstrate that, when the numerical aperture
improvement is exactly equal to 3, it is not necessary to introduce the grating trans-
mission function in the reconstruction process.

In fact, in this case it results that the reconstructed images corresponding to the
different diffraction orders are automatically and precisely superimposed.

The double-step reconstruction algorithm is adopted to make the reconstruction
pixel (PR) in the image plane independent of the distance between the object and
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the CCD, different from what occurs in a typical single-step Fresnel reconstruction
process, where PR = Ad /(N Pccp). In fact, in our case, the PR only depends on the
ratio d1 /d», according to the formula PR = Pccp d1/d> [12]. We fix d; equal to d;
so that PR = Pccp = 7.6 wm. In this way, we assure that the PR is the minimum
achievable without decreasing the field of view, corresponding to the pixel size of
the CCD.

12.2.1 Super-Resolution by 2D Dynamic Phase Grating

The hexagonal LN phase grating was prepared by standard electric field poling at
room temperature following the fabrication process explained in [13, 14]. After pol-
ing, transparent ITO (indium tin oxide) electrodes were deposited on both z faces
of the sample in order to apply an external field across the crystal preserving the
optical transmission along the z-axis.

The phase step between opposite ferroelectric domains can be varied by changing
the applied voltage across the z-axis of the crystal. When no voltage is applied to the
crystal, no diffraction occurs since the diffraction grating is inactive (switched-off).
When voltage is applied, the grating becomes active (switched-on).

It is able to generate different diffraction orders. Essentially, each diffraction
order produces a corresponding digital hologram and all of the holograms are spa-
tially multiplexed and recorded simultaneously by the CCD.

The schematic view of the object waves is shown in Fig. 12.4a, b where, for
sake of simplicity, only one point object P is discussed. In case of conventional
holographic configurations, all of the rays scattered by the object freely propagate
forward to the CCD plane, but only the central ray fan reaches the area of the holo-
gram and can be digitally recorded, as shown in Fig. 12.4a. Therefore, because of
the limited aperture of the CCD array, the recorded object wave beams are only
a portion of the total light scattered by the object. However, when the grating is
placed between the object and the CCD array six further fan beam waves can reach
the CCD. The sketch of this configuration is depicted in Fig. 12.4b. Each of the six
waves is produced by the first diffraction orders of the grating. The resulting digital
hologram is essentially formed by seven digital holograms that are spatially mul-
tiplexed and coherently superimposed. The digital hologram is numerically recon-
structed to obtain the in-focus real image of the tested target.

The holographic system in Fig. 12.4b clearly exhibits higher NA compared to
that in Fig. 12.4a. In fact, the CCD aperture augments up to three times along each
of the three directions at 120°, thanks to the hexagonal geometry. Consequently,
the reconstructed image of the point P has a resolution enhanced up to three times
compared to the usual DH system without the diffraction grating.

12.2.1.1 Experimental Results Demonstrating the Resolution Enhancement

Figure 12.5a shows the amplitude reconstruction of the digital hologram of the
object when no voltage is applied to the electro-optic grating. The object is a
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microscopy target with different spatial frequencies ranging from 12.59 to 100
lines/mm. The amplitude reconstruction clearly shows that the resolution is lim-
ited up to the maximum value of 31.6 lines/mm, as evidenced by the magnified
view in Fig. 12.5b, while pitches with 25.1, 20.0, and 15.8 pm are clearly below
the resolution limit of the system. However, as explained in the previous section,
the DH system is expected to reconstruct correctly up to the extreme limit of

TR

(b)
Fig. 12.5 (a) Amplitude reconstruction of the digital hologram when no voltage is applied to the
electro-optic grating; (b) magnified view showing the reticules with the shortest pitches (31.6, 25.1,
20.0, 15.8 wm) [10]
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2 x 7.6pum = 15.2 um, according to the Nyquist criteria (at least two pixels per
period), and taking into account that PR = 7.6 um. Nevertheless, the reticules with
pitches below 31.6 wm are clearly unresolved due to the limited NA of the system.

When the phase grating is switched-on, seven spatially multiplexed digital holo-
grams are recorded by the CCD array simultaneously. Figure 12.6 shows the ampli-
tude reconstruction of the multiplexed digital hologram when a voltage is applied
(2.5 kV in this case).

In fact, as explained above, the diffraction grating used in this experiment is an
electro-optically tuneable binary phase grating. Therefore, by changing the applied
voltage across the z-axis of the LN crystal, it is possible to tune the phase step.
Consequently, the efficiency of the diffraction orders is also adjustable since it is
proportional to sin> (Ag/2), where Ag is the phase step between inverted domains
that changes proportionally to the applied voltage V. The maximum value of the
efficiency is obtained for Ap = 7 (V = 2.5kV) and therefore the images coming
from the diffracted orders, that contain the information about the high spatial fre-
quencies of the object spectrum, have a high weight in the superimposition process.

The numerical reconstruction is performed by using (12.2) without introducing
the transmission function 7 (x, y) of the phase diffraction grating (i.e., T'(x, y) = 1).

As explained before, each diffraction order produces one of the multiplexed
holograms. Consequently the reconstruction process shows up seven corresponding
images, one for each of the multiplexed holograms: one for the Oth order and six
for the first orders of diffraction, that are along the three typical directions of the
hexagonal grating (see Fig. 12.6).

The images along the three different directions, encircled, respectively, by the
yellow, blue, and red ellipses in Fig. 12.7a, carry different information about the
object spatial frequencies spectrum. In fact, the corresponding holograms originate

Fig. 12.6 Amplitude
reconstruction of the
multiplexed digital hologram
when the phase grating is
switched-on (applied voltage
of 2.5 kV). This numerical
reconstruction has been
obtained without introducing
the transmission function of
phase diffraction grating in
the reconstruction algorithm
(i.e., T(x, y) = 1). The label
of the reconstructed images
indicates the corresponding
diffraction orders [10]
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Fig. 12.7 (a) The colored ellipses encircle the reconstructed images along the three typical direc-
tions of the hexagonal grating. Magnified view of the image obtained by superimposing only the
—1la, Oth, +1a diffraction orders (blue ellipse in (a)); (¢) the —1b, Oth, 4+1b orders (red ellipse);
(d) the —1c, Oth, +1c orders (yellow ellipse). The reticule with a pitch of 25.1 pm, completely
blurred in (b), is resolved in (¢) and (d) thanks to an improvement of the optical resolution. Plot
of intensity profile along the white lines in the images (b), (c), and (d) is shown in (e), (f), and (g),
respectively. Axes of the plots have atomic units for intensities on ordinates while pixel number on
abscissa [10]
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from rays scattered by the object along different directions and re-directed onto the
CCD area by means of the grating.

The resolution enhancement can be obtained only by selectively superimposing
the different reconstructed images obtained by the digital holograms. In fact, in this
way, we can increase the NA of the optical system and therefore the optical resolu-
tion of the resulting image in 2D. Even though the target used here for the imaging
experiments has 1D geometry, the 2D capability of the technique is demonstrated
by setting intentionally the 1D target along a direction different from the three
diffraction directions of the hexagonal grating. This configuration reveals that the
best image resolution can be obtained by using at least two diffraction directions,
as shown by the following results. The superimposition of the reconstructed multi-
plexed holograms is obtained by using (12.2). In this first experiment the distances
are such that the increment in the numerical aperture should be 1.6.

Therefore, the transmission function of the grating has to be introduced in the
second step of the reconstruction process, that is, (12.2).

In this case, we assume that the grating has a transmission function that can be
written as

T(x1, y1) =14acos(2nx1/p)+ bcos (()ﬂ + x/§y1>n/p)

+ ccos ((xl — \/§y1) yr/p) (12.3)

Equation (12.3) is made of four terms. The first term is a constant offset. The
second takes into account the diffraction along the horizontal direction, while the
third and fourth terms consider the two other directions. In (12.3) p is the period
of the grating, while a, b, and ¢ are the diffraction efficiencies along the three
different directions typical of the hexagonal pattern of our diffraction grating,
respectively.

12.2.1.2 Flexibility of the Numerical Reconstruction

According to the particular geometry of the object, it is also possible to superimpose
only some of the reconstructed images that effectively possess and carry the useful
information with the aim at resolving the details of the object under examination. In
fact, the numerical reconstruction algorithm can be considered for one, two, or all of
the three directions, simply assigning appropriate values to the diffraction efficiency
coefficients in (12.3) (i.e., a, b, c, respectively).

For example, Fig. 12.7b shows the magnified view of the reconstructed image
obtained by superimposing the diffraction orders —1a, Oth, and +1a (blue ellipse)
only, which means we are considering just the horizontal direction. Differently,
Fig. 12.7¢c, d shows the reconstructions obtained by taking into account the — 1b, Oth,
+1b and —1c, Oth, +1c orders, respectively, corresponding to the inclined directions
(red and yellow ellipses). Only the last two reconstructions lead to an improvement
of the optical resolution allowing one to resolve the reticule with 25.1 pwm pitch,
otherwise completely blurred in Fig. 12.7b. This is clearly evidenced by the profiles
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in Fig. 12.7e—g, respectively. This result demonstrates that the collection of the rays
diffracted along the horizontal direction is not useful for increasing the resolution
of such target. In fact, since the rulings have only lines parallel to the horizontal
direction, the rays scattered from finer rulings are directed mainly at higher angles
along the vertical direction. Therefore the object frequencies have components only
along the directions of the diffraction orders =1b and +1¢. Consequently, in order
to obtain the best signal/noise ratio in the super-resolved image, the superimposition
of the orders Oth, +=1b, and +1c¢ without the 4-1a is better.

Figure 12.8a shows clearly the reconstruction obtained by superimposing all
of the first diffraction orders, £=1a, £1b, and +1¢, on the zero order Oth, while
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Fig. 12.8 (a) Amplitude reconstruction of the target obtained by superimposing all the first diffrac-
tion orders, +1a, £1b, and +£1c, on the zero order Oth; (¢), (e) amplitude reconstruction obtained
by ignoring the £1a orders and by using different or same weights for the orders +1b, +lc,
respectively; (b), (d), (f) corresponding profiles calculated along the ruling with 25.1 pm pitch

[10]
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Fig. 12.8c, e shows the reconstructions where the +1a orders (corresponding to
the horizontal direction) are not considered. By comparing the reconstruction in
Fig. 12.8a with those in Fig. 12.8c, e, it is possible to notice that, involving a use-
less order (a # 0) in the reconstruction, only noise is added without any benefit
for the resolving power. Figure 12.8b, d, f shows the profiles calculated along the
ruling with a 25.1 pwm pitch for each of the corresponding reconstructed images in
Fig. 12.8a, c, e. The super-resolved images shown in Fig. 12.8c, e differ from each
other because they are obtained using two different sets of parameters in (12.3),
namely (a = 0, b = 2, ¢ = 4) for Fig. 12.8cand (a = 0, b = 4, ¢ = 4) for
Fig. 12.8e.

The results show clearly that for the used object, the signal/noise ratio in the
super-resolved image is increased when the two orders +=1b and £1c have the same
weight in the superimposition. This depends on the particular geometry of the object
which has spatial frequencies all along the vertical direction, that is, exactly along
the bisector of the angle between the directions of the diffraction orders b and c.
Therefore, the spatial frequency components along the directions of the diffrac-
tion orders +1b and +1c are the same. However, for some particular experimental
conditions, the possibility to modulate the weight of each diffraction order could
be useful with the aim at recovering the best super-resolved image. This selective
superimposition, both in terms of selected directions and in terms of weights to be
assigned to each of the considered diffraction orders, is uniquely allowed by the
flexibility of such numerical reconstruction process.

12.2.2 Super-Resolution by 2D Amplitude Grating

The technique described above allows to increase the numerical aperture up to three
times along each diffraction direction. One of the main advantage of this methods in
respect to the others is that by introducing the correct grating transmission function
into the reconstruction diffraction integral, the spatial frequencies of the objects
are assembled together automatically without cumbersome and tedious numerical
superimposing operations [1-8]. Nevertheless, the introduction of the transmission
function of the grating produces some deleterious numerical noise that can affect
the final super-resolved image, as will be shown below.

However, when the numerical aperture improvement is exactly equal to 3, it is not
necessary to introduce the grating transmission function in the numerical reconstruc-
tion formulas. In fact, in this case it results that the reconstructed images correspond-
ing to the different diffraction orders are automatically and precisely superimposed.

We show that it was possible exploiting the typical wrapping effect in the recon-
structed image plane when the bandwidth of the image does not fit entirely into
the reconstructed window. This novel approach is demonstrated by performing two
different experiments with a target and a biological sample, respectively. To experi-
mentally validate the proposed approach a 1D resolution improvement is performed,
employing a amplitude grating, commercially available, with a pitch of 25 pm.
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Fig. 12.9 DH recording setup with a grating (a); geometric scheme of the reconstruction without
a grating in self-assembling mode (b); geometric scheme to show the automatic superimposition
in the self-assembling mode (c) [11]

Then, we show a 2D super-resolved image of a biological sample, using two 1D
amplitude gratings with the same pitch, placed in close contact but one at 90° with
respect to the other. This method has the significant advantage to avoid the use of
the transmission function by reducing the noise considerably.

The sketch in Fig. 12.9 describes the object wave optical path during the record-
ing (Fig. 12.9a) and the reconstruction processes (Fig. 12.9b). The CCD records
three different holograms simultaneously (i.e., spatially multiplexed holograms)
corresponding to the three diffraction orders, respectively. Each hologram carries
different information about the object. In fact, because of the limited numerical
aperture of the CCD, the hologram corresponding to the zero order contains low
frequencies of the wave scattered by the object, while the holograms corresponding
to the first diffraction orders collect the marginal rays in the wavefront scattered by
the object at wider angles and therefore carry information about higher frequencies.

Three distinct images corresponding to each hologram are numerically recon-
structed, as shown in Fig. 12.9b. Our aim is to get together these three images in
an appropriate way in order to get super-resolution. In Fig. 12.9 the blue squares
in the CCD plane indicate the center of the three holograms, while the red squares
in the reconstruction plane are the center of the reconstructed images. The distance
between two contiguous holograms is Nx x Pccp, where Pccp is the CCD pixel
size and Nx is a real number, while the distance between two reconstructed images
is Nx x Pr, where Pr is the pixel of reconstruction.

When Nx is equal to N, that is, the number of CCD pixels, it means that the rel-
ative distance between the three holograms created by the grating is exactly equal to
the lateral dimension of the CCD array, as shown in Fig. 12.9. Therefore, only when
Nx = N, we obtain a resolution enhancement equal to 3. By a simple geometrical
computation, it results that the distance between the zero and the first diffracted
orders in the CCD plane is Ax = Ad>/p where p is the grating pitch and d> is
the distance between the grating and the CCD. Since to obtain a numerical aperture
improvement equal to 3 it is necessary to fulfill the condition Ax = NPccp, the
distance d; has to be

_ PNPccp

d
2 py

(12.4)
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In the general case, when d does not match exactly (12.4), we have Ax =
N, Pccp and the improvement of the numerical aperture is given by 1 + 2 (N, /N)
with Ny < N.Only if we get the resolution improvement of 3, it is possible to obtain
at the same time an automatic self-assembling of the various spatial frequency of
the objects in the reconstruction image plane. In Fig. 12.9c the geometric diagram,
concerning the reconstructed images, to explain how it happens is shown. It results
that the lateral distance between the reconstruction images, corresponding to the
three diffracted orders, is equal to

AE = N, Pr (12.5)

where Pr = %PCCD is the reconstruction pixel for the double-step reconstruction
process we use [11, 12]. In fact, all the reconstructions are obtained by the two steps
process computing two Fresnel integrals: first we reconstruct the hologram in the
grating plane and then we propagate this complex field up to the object plane [11].

In the double-step reconstruction, Pr depends only on the ratio d;/d> while it
does not depend on the distance D = d; + d» between the object and the CCD,
different from what occurs in a typical single-step Fresnel reconstruction process,
where Pr = AD /(N Pccp).

It is worth to note that, in DH, when the reconstruction window is not large
enough to contain the entire spatial frequency band of the object, the object signal
is wrapped within the reconstruction window.

In our case, the object lateral dimension is (N + 2N, )Pr while the reconstruction
window is only N Pr. In the sketch of Fig. 12.9¢(I), for simplicity, only the central
and right reconstruction image windows, corresponding to (N + N, )Pr, are shown.
Left reconstructed image has been omitted for clarity. Letter A represents the central
point of the field of view of each reconstructed hologram.

In Fig. 12.9¢(I), the portion of the right reconstructed image that includes the
red letter A falls outside the reconstruction window and, therefore, is wrapped and
re-enters in the reconstruction window from the left side. In this case an observer
will see, in the reconstruction plane, multiple reconstructed images due to each of
the three multiplexed holograms incorrectly superimposed. Only when N, = N (as
in Fig. 12.9¢(IT), when the red letter is perfectly superimposed on the black one), the
reconstructed images, corresponding to the different diffraction orders, are automat-
ically and perfectly superimposed. The fulfillment of the condition N, = N assures
the self-assembling of the spatial frequencies of the object in the reconstructed plane
and allows the achievement of an enhancement of super-resolution with a factor of 3,
but without the need to introduce the grating transmission function in the diffraction
propagation algorithm.

With the aim to demonstrate that, we performed different experiments. In
Fig. 12.10, different numerical reconstructions obtained for different values of the
distance d; and d, are shown. The grating we used has a pitch of 25 um and there-
fore to fulfill the condition of (12.1), d> has to be equal to 21 cm.

Looking at Fig. 12.10, it is clear that, only when d2 has to be equal to 21 cm, the
three reconstructions are superimposed. Moreover, we can assert that the value of
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Fig. 12.10 Reconstructions adopting different values (d;,d2) (in cm). In (a) and (b) the spatial
frequencies are wrongly assembled. To fulfill the condition of (12.1), d> has to be equal to 21 cm
as shown in (¢) and (d) [11]
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Fig. 12.11 How the reconstructions appear (a) without a grating (no super-resolution) and (b) with
the grating (super-resolved image). In (c) profile of the 100 um along the line in the inset of (a)
showing that the grating is not well resolved. In (d), (e), and (f) profiles of line 1, 2, and 3 indicated
in (b) showing the super-resolving capability [11]

distance d; does not affect the self-assembling properties, but only the value of the
pixel of reconstruction and, therefore, the field of view width. Fixing the values (d,
dy) = (32,21) (unit are given in cm), we have measured the effective resolution
improvement. In Fig. 12.11a, b, the numerical reconstructions without and with the
grating in the setup are shown.

The profiles corresponding to the reticule with a pitch of 100 um (line 1) are
shown in Fig. 12.11c, d, respectively. Moreover, in Fig. 12.11d, e the profiles of
the reticules with a pitch of 50.14 (line 2) and 31.63 (line 3) pm, respectively,
obtained by the reconstruction of the hologram recorded when the grating is inserted
in the setup are shown. It results that the grating with a pitch of 31.63 pum has more
or less the same contrast of the grating with a pitch of 100 pm obtained by the
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Fig. 12.12 (a) Super-resolved image obtained by the method reported in Sect. 12.2.1 using grating
transmission function in the reconstruction. (b) Super-resolved image obtained in self-assembling
approach [11]

reconstruction of the hologram acquired without the grating in the setup. Therefore,
we can assert that the resolution enhancement is effectively equal to 3.

Moreover, with the aim to show how the introduction of the grating transmis-
sion function in the reconstruction process can affect the image quality, a magnified
view of a portion of the reconstructed target by using the standard method (see
Sect. 12.2.1) and the self-assembling approach is shown in Fig. 12.12a, b, respec-
tively. Figure 12.12a shows the holographic reconstruction that adopts the grating
transmission function into numerical diffraction integral, while the self-assembled
reconstruction method proposed in this section is shown in Fig. 12.12b. It is clear
that the noise introduced by the transmission function hinders some relevant infor-
mation in the super-resolved image.

Finally, we made an additional experiment recording an hologram of a biological
sample, formed of a slice of a fly head. The image of the object such as it appears
to an optical microscope is shown in Fig. 12.13a. In this case we introduced in the
optical setup a 2D grating with the same pitch (25 wm). Therefore, the resolution
increases three times along both the diffraction directions.

Fig. 12.13 (a) Slice of fly head eye at optical microscope; (b) DH reconstructed image without
super-resolution; (¢) DH super-resolved image by using a 2D square grating shows spatial fre-
quencies self-assembled correctly in two dimensions [11]
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In Fig. 12.13b, c, the amplitude reconstructions corresponding to the holograms
acquired with and without the grating are shown. The insets in Fig. 12.13b, c clearly
show how fine details of the object are clearly unresolved in the optical configuration
without a grating while they are clearly resolved in Fig. 12.13b when a 2D grating
is in the setup and self-assembling of spatial frequencies in 2D works well.

12.3 Conclusion

Super-resolution can be obtained by adopting a diffraction grating that allows one
to augment the NA of the optical system. We demonstrate that the improvement
is possible in two dimensions, adopting two different kinds of diffraction gratings:
a phase hexagonal grating and an amplitude one. In the first case we are able to
increase the NA along three different directions (i.e., the three directions typical of
the hexagonal geometry). The phase levels and therefore the diffraction efficiency
can be tuned by electro-optic effect, allowing one to optimize the recording process
of the digital holograms. Moreover, by an appropriate handling of the transmission
function of the numerical grating in the reconstruction algorithm, it is possible to
further improve the signal/noise ratio in the final super-resolved image.

When the numerical aperture improvement is exactly equal to 3, it is not neces-
sary to introduce the grating transmission function in the numerical reconstruction
formulas.

The spatial frequencies of the object are naturally self-assembled in the image
plane by exploiting the reconstruction of multiplexed holograms with different
angular carriers. Thanks to this novel approach we were able to obtain a resolution
improvement factor of 3 and to reduce significantly the noise in the final image
that otherwise can hinder the super-resolved signal. Results have been proofed in
lensless configuration for a 1D optical target and also with a true 2D biological
sample and a 2D grating to get super-resolution in 2D.
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Chapter 13
Three-Dimensional Mapping and Ranging
of Objects Using Speckle Pattern Analysis

Vicente Mico, Zeev Zalevsky, Javier Garcia, Mina Teicher,
Yevgeny Beiderman, Estela Valero, Pascuala Garcia-Martinez,
and Carlos Ferreira

Abstract In this chapter, we present two novel approaches for 3-D object shape
measurement and range estimation based on digital image processing of speckle
patterns. In the first one, 3-D mapping and range measurement are retrieved by
projecting, through a ground glass diffuser, random speckle patterns on the object
or on the camera for a transmissive and reflective configuration, respectively. Thus,
the camera sensor records in time sequence different speckle patterns at different
distances, and by using correlation operation between them, it is possible to achieve
3-D mapping and range finding. In the second one, the 3-D mapping and ranging are
performed by sensing the visibility associated with the coherence function of a laser
source used to illuminate the object. In this case, the object depth is encoded into the
amplitude of the interference pattern when assembling a typical electronic speckle
pattern interferometric (ESPI) layout. Thus, the 3-D object shape is reconstructed by
means of a range image from the visibility of the image set of interferograms without
the need for depth scanning. In both cases, we present experimental implementation
validating the proposed methods.

13.1 Introduction

In industry, there are numerous applications demanding 3-D measurement of objects
[1]. Some examples are image encryption [2, 3], object recognition [4, 5] and 3-D
mapping [6-8]. All of those possibilities have been allowed by the development of
digital sensors and, in particular, by digital holography [9]. Digital holography offers
highly attractive advantages such as high resolution, non-contact measurement and
versatility of implementation depending on the type of object. This way, digital
holography has been successfully applied to surface contouring of macro-, small-
and micro-objects [10, 11].

But not only digital holography deals with this task. Triangulation provides 3-D
object shape measurement using both white light structured illumination [6] and

J. Garcia (=)
Departamento de Optica, Universitat de Valencia, C/Doctor Moliner 50, 46100 Burjassot, Spain
e-mail: javier.garcia.monreal @uv.es

P. Ferraro et al. (eds.), Coherent Light Microscopy, Springer Series in Surface 347
Sciences 46, DOI 10.1007/978-3-642-15813-1_13,
© Springer-Verlag Berlin Heidelberg 2011



348 V. Mic6 et al.

coherent illumination [12]. The general concept of triangulation is that the light
projection and the observation directions are different. As the projected pattern is
distorted by the object shape, the lateral positions of the measured pattern details
include depth information of the object. But triangulation suffers from several prob-
lems such as shadows incoming from the projection angle between illumination and
detection directions, and discontinuities and occlusions due to specific geometry of
the object which generates additional shadowing. In any case, shadowing implies
object information losses. Moreover, the axial resolution of the system is limited by
triangulation accuracy, and the method needs a wide measuring head for accurate
measurements at long distances.

One way to minimize the shadowing problems is to n-plicate the measurement
system [13] or rotate the object [14]. The former method implies both a high com-
putational cost and expensive solution while the latter means a time-consuming
process to obtain the final result.

Shadowing problems (not occlusions) can be completely removed by project-
ing the illumination coaxial with the observation direction. However, the spatially
dependant structured illumination will not help and an alternative coding must be
used. The most common one is the time coding either in light pulse shape or in
illumination spectral content. Examples are the time gating methods [15], time of
flight [16] or the use of two wavelength illuminations [17]. Some of these methods
do not provide directly a 3-D mapping but an object contouring.

Although coaxial illumination and observation is complex to implement when
considering conventional white light structured illumination, it is easy to achieve
with coherent illumination because there is no need to project a structured illumi-
nation pattern onto the object surface: one can split the coherent beam before the
object, illuminate the object coaxially with the observation direction and reinsert
a reference beam at the digital recording device. This is the underlying principle
of ESPI [18]. In ESPI, phase shifting and Fourier transformation are the two main
methods to recover the object phase distribution and correspond with on-axis and
off-axis reference beam reinsertion geometry, respectively [19, 20]. However, both
procedures allow access to the wrapped phase distribution of the object (as is the
case in contouring methods), that is, phase values lying in the range of —m to 7, as a
consequence of the depth-to-phase coding. The phase map needs to be unwrapped to
recover the 3-D object information. Once again, phase-unwrapping algorithms will
not be useful if the image contains unknown relative heights and/or the object con-
tains sudden jumps on its profile, that is, discontinuities, occlusions and/or shadows.

To avoid phase ambiguity problem, several approaches had been proposed.
Saldner and Huntley proposed a method named as temporal phase unwrapping
where the basic idea is to vary the pitch of the projected fringes over time [21].
They evaluated independently the object phase at each pixel in order to provide an
absolute measurement of the surface height. Thus, by recording a sequence of phase
maps, a 3-D phase distribution is obtained by unwrapping the phase at each pixel
along the time axis. This procedure yields on an absolute measurement of the object
surface height. On the other hand, Sjodahl and Synnergren solved the discontinuity
problem of the phase map by means of the projection of a random pattern instead
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of periodic fringes [22, 23]. Since the intensity of a random pattern varies without
a regular period, every small region in the projected pattern becomes unique. Using
an initial calibration process of the projected random pattern along the working
volume, it is possible to trace the movement of each small region at the detector
by simple correlation algorithm when the object under study is illuminated by such
random pattern. Thus, assuming that the motion of every small area can be detected,
the 3-D object shape can be retrieved. Such techniques are named as digital speckle
photography (DSP) and are based on optical triangulation.

Other interesting methods that solve the discontinuity problem of the phase map
are based on the coherence of the light source. Coherence coding has been applied
to spatial information transmission and superresolution [24—27], optical coherence
tomography [28, 29] and 3-D topography in digital holographic microscopy [30,
31]. Yuan et al. introduced a new approach to achieve 3-D surface contouring of
reflecting micro-objects [32]. They proposed a digital lensless Fourier holographic
system with a short coherence light source that can be used to record different layers
of a micro-object through changing the object position. Thus, by bringing into the
coherence spatial interval different sections of the object, it is possible to digitally
reconstruct the whole 3-D surface contouring of the object. This approach takes
the advantage provided by a limited source coherence length which allows optical
sectioning of the 3-D object profile.

Recently, Zalevsky et al. presented a new method for 3-D imaging based on par-
tial coherence in digital holography [33]. In their paper, Zalevsky et al. reported
on two different approaches, both of which aimed to remove the phase ambiguity
problem in digital holography. In one of the proposed concepts, they achieve 3-D
profile of a reflective object using an approach based on illuminating the object
with a light source having a relatively long coherence length. As the contrast of
the fringes within this length will vary, this fact can be used for 3-D estimation
after performing a calibration of the contrast of the interference fringes in the whole
coherence length axial interval. Thus, by comparing the contrast of the fringes pro-
vided by the object with that one obtained in the calibration process, they were able
to extract 3-D information. They proposed a lensless digital holographic optical
setup in which no lenses are needed to image the input object because the approach
is focused on mapping the 3-D information of reflective objects. This fact disables
the reported approach when diffuse objects are considered. Moreover, because of
the lensless geometry, there will be restrictions between the observation distance
and the object size in order to optimize the space-bandwidth product of the system.

The projection of random (speckle) patterns onto the tested object can also be
interpreted in a different sense. The combination of phase-retrieval algorithm with
the recording of different intensity planes inside the diffracted volume speckle field
provided by an object which becomes illuminated with coherent light provides a tool
for the reconstruction of the complex wavefront diffracted by the object [34-36].
And the recovery of phase information distribution allows 3-D object information
[37, 38] and capabilities for object deformation analysis [38, 39].

In this chapter we propose two additional approaches for 3-D object shaping and
range measurement based on projecting a random pattern instead of a periodic one.
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Although the projection of random patterns was previously described by Sjodahl
and Synnergren [22, 23] they proposed the use of a white light optical projector and
optical triangulation architecture. As consequence, the measured 3-D object shape
suffers from previously commented problems arising from the use of triangulation.
On the other hand, speckle techniques have been used for 3-D shape measurement
[40, 41]. Named as speckle pattern sampling (or Laser Radar 3-D imaging), 3-D
object information is achieved by using the principle that the optical field in the
detection plane corresponds to a 2-D slice of the object’s 3-D. A speckle pattern is
measured using a CCD array for each different laser wavelength, and the individual
frames are added up to generate a 3-D data pattern [41].

In our first proposed method, we considered the projection of the random speckle
pattern through a ground glass diffuser [42]. Speckle patterns happen when coherent
light is reflected or transmitted from a rough surface and inherent changes in propa-
gation of the speckle pattern will uniquely characterize each specific location in the
volume speckle field. Due to this, it is possible to determine the 3-D object shape
by analyzing the speckle pattern itself (not that one produced by the object). Unlike
other methods that use cross-correlation function for the speckle pattern before and
after the deformation of an object and try to reduce the speckle decorrelation since it
is the single most important limiting parameter in measuring systems based on laser
speckles [43], the proposed method studies the differences between uncorrelated
speckle patterns that were projected on a certain object as source of 3-D object
information. As result, this procedure allows the representation of the 3-D object
shape in a range image composed of gray levels in which each level is representa-
tive of a given object depth. This method defines a resolution which is independent
of the object observation distance or the angle between the illumination and the
observation direction because it is based on local correlations of speckle patterns.
Moreover, no shadowing problem is produced because it can be performed using
parallel architecture between illumination and detection. Also, the proposed method
was validated for transparent samples and reflective diffuse objects.

The second reported method in this chapter uses the change in visibility of the
interference speckle pattern in the volume speckle field when using a relatively long
but limited source coherence length as source of 3-D object information [44]. When
a classical temporal ESPI configuration is considered, the object areas falling inside
the coherence volume range of the illumination source will produce speckle inter-
ference with the reference beam. A phase modulation of the reference will result in
blinking intensity only for those points inside the coherence range. Thus, the pro-
posed approach performs coherence-to-depth coding of the 3-D object shape in such
a way that the 3-D object information is related with the amplitude of the speckle
interference. And the way to decode such information coding is by computing the
visibility of the speckle interference along the whole volume range. After some
digital post-processing to smooth speckle noise, it is possible to get a range image
where each gray level contains information of a different object depth. The pro-
posed approach has three major advantages. First and as in the case of triangulation
methods, the resolution of the method does not depend on the observation distance
because the coherence volume range can be easily tuned from near to far distance
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by simple adding optical path in the reference beam. Second, no shadowing prob-
lem and minimization of the occlusions are produced because the illumination and
observation directions are collinear. And third, as the method implies the obtaining
of a range image, there is no problem with sudden jumps or occlusions in the object
shape and as in those methods implying wrapped phase distribution of the object. In
addition, unlike other coherence-based methods like optical coherence tomography
[45, 46], the proposed method does not require axial distance [45] or wavelength
[46] scanning.

The chapter is organized as follows. Section 13.2 presents theory (Sect. 13.2.1)
and experimental validation (Sect. 13.2.2) on how changes in the speckle pattern
provide means for measurement and characterization of 3-D objects. In particular,
we present how applying those speckle pattern changes to 3-D mapping and range
estimation by observing the differences and similarities in the speckled patterns
when an object is illuminated using light coming from a diffuser. In Sect. 13.3
we present a novel method for 3-D diffuse object mapping and ranging based on
the degree of temporal coherence of the interference speckle pattern reflected by
the object. Sect. 13.3.1 includes a system description and its theoretical founda-
tion while Sect. 13.3.2 provides experimental demonstration. Essentially, since each
small area in the coherence volume of the illumination source produces an interfer-
ence pattern with different amplitude, it is possible to estimate the 3-D object shape
by computing the visibility of recorded interference pattern. The chapter finishes
with the most relevant bibliography concerning the two proposed approaches.

13.2 3-D Mapping by Means of Projected Speckle Patterns

13.2.1 Theory

The speckle statistics depends upon the ground glass that is used to project the
patterns (primary speckle) and on the surface characteristics on which they are
impinged. In this section we show the evolution of the speckle patterns when the
object is axially translated. A ground glass object g(x, y) (positioned in a plane that
we will call plane G) normal to the optical axis (see Fig. 13.1) is transilluminated by
a monochromatic parallel beam of laser light of wavelength A. Speckle patterns are
recorded at plane C by which we denote the plane of the CCD camera and which is
parallel to the object plane. In the plane C, at a distance z from T (the plane at which
the transparent object is being positioned), the amplitude distribution obtained by
Fresnel diffraction equation is proportional to

ven = [[swmen(iT €02+ 0] aar as

and the irradiance recorded by the CCD is given by

2
1. n) = V/g(x, y) exp (J;T—Z [x2 +y2]) exp (—j}\—: [£x + ny]) dx dy
(13.2)
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To check how the irradiance I (&,n) changes with the distance from the ground

glass, let us move the glass a small distance of zg. Thus, the irradiance at C is
obtained by replacing z by z-z¢ as

e = | [[ e e (57 [ +57])
X exp < 'Z—ZZS [x2 —i—yz])
xexp(—jz—n |:$ <1+Z—O>x+n<l+z—0>y]> dx dy
AZ z Z

The axial translation of g has two main effects. One is a radial shift of the speckle
linked to the magnification due to the change of angular size of the object in the
recording plane. The other effect is a decorrelation of the corresponding speckle

2

(13.3)

b4
due to the term exp jﬂ [x2 + yz] .
rz2

Taking into account the decorrelation between different speckle distributions,
the idea of this chapter for range estimation and 3-D mapping is the following. In
transmissive systems as well as in reflective systems, the movement of the object
changes the speckle distribution. If we denote this distribution as gz (x, y) where z
is the longitudinal position of the sample, then

1 ké(x,y) for Z; = Z;
3 // 8z, (X0 — X, Yo — ¥) &z, (x0, yo) dxodyo = {0 for Z; # Z,
b
(13.4)

where the integral is normalized according to the surface () of the region of integra-
tion (X). This equation states that the complex amplitude is completely decorrelated
in two different planes, provided that the axial distance between the two planes is
large compared with the axial speckle size. If the intensity distribution is consid-
ered, instead of the amplitude one, the decorrelation is not complete, owing to the
non-zero average value. Thus in this case small cross-correlation value is expected.
This property is used for both 3-D mapping and range finding.

13.2.2 Experimental Validation

Let us consider now the problem of 3-D mapping of a transparent object (T), placed
at the distance z of the ground glass, as shown in Fig. 13.1. After placing the object,
illuminated by a spot of light through the ground glass, the plane imaged by the cam-
era changes by an amount that depends on the index of refraction and the thickness
from one region of the object to the other. Note that if the object is imaged using
an optical system, the speckle lying in the image plane suffers a decorrelation when
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Fig. 13.1 Transmissive object illumination for 3-D mapping

the object is axially translated through a distance greater than A /NA?M? (which is
the average length of speckle in z direction) where NA is the numerical aperture
of the imaging lens and M is the magnification between the object and the image
plane. Because of that the optical parameters have been adjusted correctly in order
to register the decorrelation between speckle patterns.

In Fig. 13.2 we show some of the images used for the calibration of the system.
In Fig. 13.2a we present the captured speckle pattern when no transmissive object
is placed. In Fig. 13.2b we placed instead of the object glass with width of 0.5 mm.

Fig. 13.2 Calibration reference readout for transmissive microscopic configuration for 3-D map-
ping using speckle random coding. The calibration was done with glasses with varying widths
constructed out of slides of 0.5 mm in width. (a) Speckle pattern without any glass in the optical
path. (b) Speckle pattern when one glass slide is inserted into the optical path. (¢) Speckle pattern
when two glass slides are inserted into the optical path. (d) Speckle pattern when three glass slides
are inserted into the optical path
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In Fig. 13.2c, d we placed glass with width of 1 and 1.5 mm, respectively. The
refraction index of the glass that we used as the inspected object was 1.48. The laser
we used for the experiment was He—Ne laser with wavelength of 632 nm. As one
may see from the obtained images, the patterns are neatly different.

Presented in Fig. 13.3 is the constructed object containing spatial regions with no
glass, glass of 0.5 mm and glass of 1 mm width. It is denoted in Fig. 13.3a as region
0, region 1 and region 2, respectively. Figure 13.3b presents the image captured in
the CCD camera.

Figure 13.4 is the reconstruction results while the reconstruction is done by sub-
traction between the captured patterns and the reference patterns (obtained in the
calibration process). The dark zones (marked with a solid wide white line) indi-
cate detection. In Fig. 13.4a we present subtracting the reference pattern of zero
width glass in the optical path. In Fig. 13.4b, ¢ we show subtraction of 0.5 mm
and 1 mm width glass slide. As one may see the dark region appeared where they
were supposed to following the spatial construction of the object as indicated in
Fig. 13.3a. Note that the images have a vertical black band. We have used this band
as a reference to add at that position the different glass panels and it plays no role in
the speckle pattern analysis.

(a)
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Fig. 13.3 The captured image containing (a) the original input pattern that contains a structure
of transmissive glasses having 0, 1 and 2 slides (each slide is 0.5 mm wide) and (b) the image
captured by the CCD camera when projected with speckle pattern

Fig. 13.4 Segmentation of different regions by subtraction between the captured patterns and the
reference patterns: (a) segmentation of region 0, (b) segmentation of region 1 and (c) segmentation
of region 2
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Fig. 13.5 Optical setup for range estimation

The experiment of range estimation was performed in reflective configuration in
which the ground glass (diffuser) was used to project the speckle pattern on top of
a reflective object and the reflection was imaged on a CCD camera. The system
is shown in Fig. 13.5. Light from a laser source passes through the diffuser. The
speckle patterns coming from that diffuser are projected on the reflective object and
then registered onto a CCD camera. For the case of reflected configuration the opti-
cal parameters are such that the speckle statistics coming from the diffuser (creating
the primary projected speckle pattern) is the dominant rather than the influence of
the statistics of the object texture itself (creating the secondary speckle pattern).
Such a situation may be obtained, for instance, by choosing proper diameter of
the spot that illuminates the diffuser (since this diameter determines the size of the
projected speckle) such that it generates primary speckle that are larger than the
secondary speckle generated due to the transmission from the object. That way if
the diameter of the imaging lens fits the diameter of the spot on top of the diffuser,
the primary speckle are fully seen by the diffraction resolution limit of the camera
(the F number) while the secondary speckle which are smaller will be partially
filtered by the camera since its F' number will be too large to contain their full
spatial structure.

For range finding the object was positioned 80 cm away from the CCD camera.
In order to capture the decorrelated speckle patterns a calibration process was done.
It consists of mapping the object by capturing images reflected from 11 planes sep-
arated 5 mm apart. In Fig. 13.6a we present the reflected reference speckle pattern
that corresponds to plane positioned 80 cm away from the camera. In Fig. 13.6b we
depict the auto-correlation between the reflected speckle pattern from a certain plane
and its reference distribution obtained in the calibration process. In Fig. 13.6¢c we
present the cross-correlation of speckle patterns reflected from two planes separated
by 5 mm apart. As we have mentioned previously, there is a diagonal black band in
the optical experiments. We have used it as a reference.
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Fig. 13.6 Reflective speckle patterns used for range finding: (a) the reflected reference speckle
pattern corresponds to a plane positioned 80 cm from the camera, (b) an auto-correlation between
the reflected speckle pattern from a certain plane and (c) cross-correlation of speckle patterns
reflected from two planes separated by 5 mm

o 2 Oisplacement {mrm)|

Fig. 13.7 The range finding results. All the cross-correlation combinations of the reflected patterns
from all possible 11 planes positioned 5 mm apart

In Fig. 13.7 we display the range finding results. All the cross-correlation combi-
nations of the reflected patterns from all possible 11 planes positioned 5 mm apart.
As one may see the detection peaks appeared only at the diagonal (auto-correlation)
while the distribution outside of the diagonal is small (cross-correlation). For fur-
ther clarification Fig. 13.7 is actually a cross-correlation matrix of 11 by 11 while
the index (1-11) represents the plane number. The diagonal of the matrix is the
auto-correlation of each plane with itself. The non-diagonal terms are related to the
cross-correlation between the 11 planes.

In Fig. 13.8 we show the results that were obtained for a 3-D object made up with
toy building blocks. The object occupied a volume of 40 x 25 x 30 mm. We use a
calibration procedure similar to the previous one, but in this case the correlation is
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Fig. 13.8 (a) The object
illuminated with the projected
speckle pattern and (b) the
3-D reconstruction. Colour
bar represents object depth in
mm

not performed for the full image as in the range finding case, but we rather perform
a correlation of local windows of the object with the same region of each of the cali-
bration patterns to give the final 3-D mapping. The proposed procedure has virtually
no shadowing as the illumination and image recording are performed from the same
location.

13.3 3-D Shaping by Means of Coherence Mapping

13.3.1 Theory

To test the capabilities of the proposed method from an experimental point of view
the basic setup depicted in Fig. 13.9 has been assembled at the laboratory. It is a
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Fig. 13.9 Temporal ESPI experimental setup used for validation of the proposed approach. The
discontinuity in both illumination and object beams is representative of the arbitrary distance
between 3-D object and imaging device. The mirror M5 is a piezo-electrical one to provide phase-
shifting procedure

classical ESPI configuration. Light coming from a laser source is split into reference
and illumination beams. The illumination beam reaches the 3-D object after being
spatially filtered and projected onto it. Notice that, in this configuration, the illumi-
nation direction is not strictly collinear with the observation one. This fact does not
imply a restriction because it is possible to illuminate using the beam splitter just
before the imaging system. However, to gain in simplicity and to better matching
the optical paths, we have selected the depicted configuration.

Thus, a diffuse reflective object is illuminated by a light beam having a given
coherence length. And at the same time, a reference beam is inserted in on-axis
mode onto the detection plane with a divergence that equals the one provided by the
3-D object. So, an on-axis hologram having no carrier frequency fringes but dom-
inated by speckle is recorded by the CCD. Taking into account that the coherence
length of the illumination light is relatively long, it is possible to well-match the
optical path length of the reference beam in such a way that the whole object depth
falls inside half the coherence length interval. In this case, different speckles com-
ing from different depths of the 3-D object will interfere with different amplitudes
once they are imaged by the CCD camera. We can say the proposed approach is
performing a coding of the 3-D object depth into the coherence of the illumination
light since the 3-D object information is related with the amplitude of the speckle
interference.
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In order to evaluate such variable amplitude with the distance when considering
different regions of the 3-D interference object field of view, we introduce a slow
perturbation in time at the reference beam, that is, a temporal phase shifting, by
using a piezo-electric mirror. Thus, computing the visibility of the recorded set of
interferograms, it is possible to finally obtain a range image where each small area
of the 3-D object is represented by a given gray level incoming from the coherence-
to-depth encoding that has been performed. And this range image becomes a 3-D
mapping of the object under test.

Additionally, by mapping the whole coherence volume with a reference object
(a plane calibration plate, for instance) in order to obtain the visibility of the inter-
ference versus axial position, we can obtain a gray-level chart corresponding with
different depths in the working volume. This record will make the depth calibration
of the system. Thus, once the range image is obtained, it is possible to directly assign
each gray level to a given depth, and the 3-D information of the object under test
becomes recovered.

Considering now the proposed approach from a theoretical point of view, we can
say that the resulting field distribution impinging at the CCD when considering two
interference beams in on-axis mode is

A(x, y;1) = Arexp (i¢1 (1)) + Az exp (ig2 (1)) (13.5)

where A;, ¢; are the amplitude and phase distributions of each beam, respectively.
Then, the CCD performs intensity recording, that is

I(x,yit)=|A(x,y; )] = AT+ A + 24, Ay (cos (¢1 (1) — ¢ (1)) (13.6)

where < ... > designates time averaging operation in a time span comparable to the
inverse of the optical frequencies. Just as examples, if both beams are fully coherent:
(cos (¢1 (1) — ¢ (1)) = cos (¢ (t) — ¢ (¢)), while if both beams are incoherent:
(cos (¢1 (t) — @2 (2))) = 0. Therefore it is clear that the degree of coherence deter-
mines the contrast of the interference. Defining y as the degree of temporal coher-
ence, it is clear that two completely coherent or incoherent beams can be represented
by y = 1 and y = 0, respectively. In our case, the degree of temporal coherence is
a function of the axial distance since we are making interference between different
reflected beams incoming from different axial positions. So, considering y = y (2),
(13.6) can be rewritten as

I(x,y,z;0) = + L+ 211 by (z) cos[¢p ()] = It {1 + Vo (1) y(2) cos [¢ ()]}
(13.7)

where ¢ (t) = ¢1 (1) — ¢ (¢) is the phase difference between both interferometric
beams at a given instant, I; = Al.2 is the intensity of each beam and I+ = I} + b
is the total intensity in case of incoherent addition of the beams. Notice that Vy =
2/ I1 L/ (I} + D) is the visibility of the recorded interference pattern in case of
perfect coherence.
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Equation (13.7) shows that the degree of temporal coherence modulates the total
intensity recorded at the CCD detector in such a way that different object depths
will produce a different intensity in the recorded interferogram as we are mapping
the coherence volume of the illumination light. Thus, it is possible to obtain a range
image of the 3-D object by determining the interference visibility and from this
value the degree of temporal coherence y (2).

To do this, we measure in time sequence the intensity of the object beam (/1) by
occluding the reference one, the intensity of the reference beam (1) by occluding
the object one and the visibility of the interference pattern by capturing a sequence
of phase-shifted interferograms and computing the recorded intensities. With this
procedure, we obtain an image which is proportional to the degree of temporal
coherence, which is related to the object depth. Finally, the profile of the object
can be estimated by comparing the result with the gray-level chart obtained by
calibration.

The visibility extraction can be performed without any particular phase shift-
ing on the reference arm. Note that, eventually, only the minimum and maximum
intensities for each point are needed, regardless of the phase, which achieve those
values. If a random phase is applied over the reference then it is enough to grab
enough number of interferograms so that maximum and minimum intensities are
obtained for each camera pixel. Obviously this is hard to warrant in case of random
phase shift, but simple for a linear phase, which is easily achieved by means of a
piezo-mirror, as shown in Fig. 13.9. In case of a linear phase the intensity for each
pixel can be fit to a sinusoidal function (13.7) giving as a result higher accuracy in
the visibility calculation.

It is important to stress that, despite the need for several frames (at least three) the
method does not relies on scanning over the depth or the wavelength. The multiple
frames are used just for determining the contrast of the interferences. Thus, the
expected range for depth is given by the coherence length of the light used, while
the accuracy will be governed by the stability in the coherence shape of the light
source and the noise introduced by the system. In contrast, in an OCT-based system
the accuracy is determined by the coherence length and the range by the scanning
range, either in wavelength or in axial distance. In our case, a major noise source is
the speckle, because the system is based on a coherent imaging system.

13.3.2 Experimental Validation

13.3.2.1 Validation and Calibration

Figure 13.10 images a picture of the experimental setup assembled at the laboratory
for the short measurement distance case and for calibration. One can easily identify
the different components according to the layout provided in Fig. 13.9. A He—Ne
laser source (632 nm wavelength) is used as illumination light in the experimental
setup. Object is placed at a distance of 90 cm approximately in front of a imag-
ing system composed of an imaging lens (50 mm focal length video lens) and a
CCD camera (Kappa DC2, 12 bits dynamic range, 1352 x 1014 pixels with 6.7 pm
pixel size).
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Fig. 13.10 The experimental setup assembled at the laboratory for measurements at short distance
where the main optical paths of both beams are depicted for clarity. The different components
depicted in Fig. 13.9 can be easily identified in the image where additional neutral filters are
included for intensity beam ratio adjustment

In a first step we perform a testing of the method by using a planar diffuse cal-
ibration plate. The plate normal is aligned with the line of sight and is translated
along the said line of sight during calibration. The set of axial location of the plate
includes the location at null optical path difference between reference and imaging
arms (which will provide maximum visibility interference). This location distance
is considered as origin for axial distances. As the calibration plate is progressively
far from the origin the visibility is expected to diminish following the coherence
function of the light source. As explained in the previous section, a set of images
with variations in the reference phase by means of a piezo-mirror are taken and the
visibility is extracted in each image point.

Figure 13.11 shows the visibility extracted as a function of the depth around
the equal path length point. Owing to the inherent coherent noise from the speckle
imaging, the visibility for a single point would suffer excessive noise. Instead a spa-
tial averaging (smoothing) over a small size window is needed. We use a smoothing
with a Gaussian window with diameter (HWMH) of 5 pixels. This still renders high
lateral resolution and reasonable axial resolution. As can be seen from the calibra-
tion curve, an axial range of approximately 120 mm can be mapped at each side of
the origin without ambiguity. For each axial location in the calibration the standard
deviation is also plotted. Note that increasing the averaging window size would give
an enhanced axial resolution, but at the expense of a diminished lateral resolution.

13.3.2.2 Short Range Measurement

The same setup as for calibration is used for short range mapping. Figure 13.12
images the two objects used to test the proposed method in both cases, short and
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Fig. 13.11 Calibration curve: visibility averaged over a weighted window with diameter of 5 pixels
for different axial distances

Fig. 13.12 Objects used in the experimental validation of the proposed approach: (a-b) and (c-d)
are a 3-D object composed of building blocks (blocks) and a gas collector prototype of an engine
(collector), respectively
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long measurement distance. One is a 3-D object built from single blocks of a toy
object and the other one is a gas collector prototype of an engine. The blocks in
the first case permit the construction of an object with steps separated by 16 mm in
depth. Note in this object, the hole in the lower part, that is closed in the back side,
giving a rectangular hole with also 16 mm depth with respect to the borders.

Figure 13.13 shows the reconstructions obtained for the proposed objects: a and
b are the range images of the collector and blocks, respectively, and ¢ depicts a 3-D
plot of the relief for the blocks object. It is especially noticeable the ability to map
the inside of the holes facing the camera. This situation happens for both objects
and demonstrates the absence of shadow problem with this method.

13.3.2.3 Long-Range Measurement

For long-range measurements the objects were located at 5 m approximately from
the camera (limited by the laboratory size). The system is rearranged to add this
distance to the reference arm by means of a delay line, providing a neat interference

Fig. 13.13 Mapping obtained
for the objects in Fig. 13.12
when positioned at short
distance (0.9 m). (a) Blocks,
(b) collector and (c) 3-D plot
of the mapping obtained for
the blocks
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Fig. 13.13 (continued)

Fig. 13.14 Mapping obtained
for the objects in Fig. 13.12
when positioned at long
distance (5 m): (a) Blocks
and (b) Collector
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speckle pattern from the object. Additionally a longer focal length imaging lens
is used, in order to provide a similar field of view as in the short range case. The
resulting images are depicted in Fig. 13.14. As can be seen, aside of the scaling
factor due to different imaging magnification, the results are analogous to those
obtained at short distances. Again the lack of shadowing is patent as well. It is
worth noticing that the additional distance between the system and the object does
not introduce any change in the performance of the method.
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