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Résumé

La microscopie présente un grand intérét pour la biologie, car elle permet d’'imager des
éléments qui sont trop petits pour étre vus a I’ceil nu. Cependant, les cellules sont pour la
plupart transparentes a la lumiere visible et infrarouge, ce qui les rend difficiles a voir avec
un microscope traditionnel. Pour ce faire, I'imagerie de phase a été inventée par E Zernike,
qui a recu le prix Nobel en 1953 pour cette invention. Elle fournit un contraste d’intensité
pour visualiser des échantillons transparents tels que ceux trouvés en biologie sans aucune
coloration. Parmi les différentes implémentations de I'imagerie de phase, la microscopie
holographique numérique (DHM) est une méthode de phase bien connue qui fournit une
valeur quantitative de la phase générée par I'échantillon testé.

Les implémentations de DHMs sans 'aide d’aucune lentille (dénommées "sans lentille")
offrent I'avantage supplémentaire de fournir un grand champ de vision (plusieurs mm?
comparé a plusieurs centaines de um?) et des configurations plus compactes que les DHMs
traditionnels qui ont des objectifs de microscope de haute qualité. La résolution latérale
est limitée par la taille des pixels de la caméra. Cependant, plusieurs techniques ont été
développées pour obtenir une résolution sous-pixel avec des configurations sans lentille,

donnant ainsi une résolution plus petite que la taille du pixel.

Dans cette these, deux DHMs en transmission sans lentille sont présentés en utilisant une
technique d’'illumination latérale afin de réduire davantage la taille du microscope et de garder
un acces visuel a I’échantillon. Le premier fonctionne dans une configuration en ligne : le
plus compact mais utilisant un post-traitement d’image qui prend du temps. Le second est
également sans lentille et utilise une configuration hors axe permettant une imagerie en
temps quasi-réel mais moins compacte. Leur utilisation pratique est décrite et des images
d’échantillons transparents (phase seulement) sont montrées. Enfin, la super-résolution (sous-
pixel), utilisant plusieurs hologrammes décalés d'une distance plus petite que le pixel, a été
étudiée pour la configuration en ligne et démontrée sur des échantillons absorbants.

Comme ces microscopes sont compacts et constitués d’éléments peu colteuy, ils pourraient
étre largement répandus dans les écoles a des fins éducatives. IIs pourraient également étre
mis en ceuvre dans des incubateurs de cellules, permettant la visualisation des processus
internes a faible cotit et la multiplication du nombre de mesures effectuées en méme temps.

Mots-clés : microscopie, imagerie de phase, imagerie sans lentille, holographie numérique,
réseaux de diffraction.
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Zusammenfassung

Die Mikroskopie ist fiir die Biologie von groem Interesse, da sie bildgebende Verfahren er-
moglicht, die zu klein sind, um mit bloRem Auge gesehen zu werden. Allerdings sind die
Zellen meist transparent gegeniiber sichtbarem und infrarotem Licht, wodurch es schwierig
ist, diese mit einem herkdmmlichen Mikroskop zu erfassen. Die von E Zernike erfundene
Phasendarstellung, fiir die er 1953 den Nobelpreis erhielt, bietet einen Intensitdtskontrast, um
transparente Proben, wie sie z.B. in der Biologie vorkommen, ohne Fleckenbildung sichtbar zu
machen. Unter den verschiedenen Implementierungen der Phasenabbildung ist die digitale
holographische Mikroskopie (DHM) eine bekannte Phasenmethode, die einen quantitativen
Wert der Phase liefert, die von der zu untersuchenden Probe erzeugt wird.

Implementierungen von DHMs ohne die Hilfe eines Linsenelements (sog. lensless) bieten
die zusitzlichen Vorteile eines groReren Sichtfeldes (mehrere mm? im Vergleich zu mehre-
ren hundert yum?) und kompakterer Setups, verglichen mit herkémmlichen DHMs und den
verwendeten hochwertigen Mikroskopobjektiven. Die laterale Auflésung wird durch die Pi-
xelgréle der Kamera begrenzt. Es wurden jedoch mehrere Techniken fiir linsenlose DHMs
entwickelt die eine Subpixelauflosung erméglichen.

In dieser Arbeit werden zwei linsenlose Transmissions-DHMs vorgestellt, die beide eine Seiten-
beleuchtung zur Probenbeleuchtung verwenden, wodurch die GerdtegréRe weiter reduziert
werden kann. Die erste arbeitet in einer Inline-Konfiguration wodurch ein sehr kompakter
Aufbau moglich ist, dagegen aber auch eine zeitaufwéndige Bildbearbeitung erfordert. Die
zweite ist ebenfalls linsenlos und verwendet eine Off-Axis-Konfiguration, was die Kompaktheit
des Aufbaus zugunsten einer quasi real-time Bilderfassung aufgibt. Diese Arbeit erldutert den
praktischen Nutzen der beiden Konfigurationen und belegt diesen anhand von Bildern trans-
parenter (nur Phasen-) Proben. Zuséatzlich wird die Moglichkeit der Subpixelauflésung mit
mehreren, um Subpixel verschobenen Hologrammen fiir die Inline-Konfiguration untersucht
und anhand absorbierender Proben demonstriert.

Durch den kompakten Aufbau dieser Mikroskope und die verwendeten, preisgiinstigen Stan-
dardelemente, eignen sich diese ideal fiir den padagogischen Einsatz in Schulen. Aullerdem
konnten sie in Zelleninkubatoren implementiert werden, was eine kostengiinstige Visualisie-
rung der ablaufenden Prozesse ermoglicht und gleichzeitig die Anzahl der durchgefiihrten
Messungen verfielfacht.

Stichworte: Mikroskopie, Phasenbildgebung, Linsenlose Bildgebung, Digitale Holographie,
Beugungsgitter.






Abstract

Microscopy is of high interest for biology since it allows imaging features that are too small to
be seen with naked eyes. However, cells are mostly transparent to visible and infrared light
which makes it difficult to see with a traditional microscope. To do so, phase imaging was
invented by E Zernike, who received the Nobel prize in 1953 for this invention. It provides
intensity contrast to visualize transparent samples such as those found in biology without
any staining. Among the different implementations of phase imaging, digital holographic
microscopy (DHM) is a well-known phase method which provides a quantitative value of the
phase generated by the sample under test.

Implementations of DHMs without the help of any lens element (so called lensless) offer the
added advantage to provide large field of views (several mm? compared to several hundred
um?) and more compact setups than traditional DHMs which have high quality microscope
objectives. The lateral resolution is limited by the pixel size of the camera. However, several
techniques have been developed to obtain subpixel resolution with lensless setups, hence
giving a resolution smaller than the pixel size.

In this thesis, two lensless transmission DHMs are presented using a side illumination tech-
nique in order to further reduce the device size and keep a visual access to the sample. The
first one operates in an in-line configuration: the most compact but using time-consuming
image post-processing. The second one is also lensless and uses an off-axis configuration
allowing quasi-real time imaging but less compact. Their practical use is described and images
of transparent (phase only) samples are shown. Super-resolution (subpixel) using several sub-
pixel shifted holograms was then investigated for the in-line configuration and demonstrated
on absorptive samples.

Since those microscopes are compact and made out of off-the-shelf low priced elements, they
could be broadly spread in schools for educational purposes. They could also be implemented
in cells incubators, allowing visualization inside processes at low cost and multiplication of
the number of measurements made at the same time.

Keywords: microscopy, phase imaging, lensless imaging, digital holography, diffraction grat-
ings.
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|} Introduction

Microscopy is a well-known imaging technique that encompasses many different modalities,
such as for example bright field, fluorescence, phase contrast and confocal. It allows to observe
elements that are too small to be seen by naked eyes.

In this thesis, new compact lensless microscopes are described. In order to achieve compact
and cost-efficient microscopes, analog and digital holography techniques are exploited for
imaging without lenses. First phase microscopes have been developed and then a technique
to increase the spatial resolution in such microscopes has been explored.

In this introduction the basic concepts utilized in the thesis and the state of the art of the topic
are described.

1.1 Basic concepts

1.1.1 Phase imaging

Imaging transparent objects is an important challenge for biology since cells are mostly
transparent to visible and infrared light. Phase imaging allows imaging such objects without
any prior staining of the sample. Different modalities exist. Phase contrast microscopy [1],
polarized light microscopy [2] and differential interference contrast (DIC) microscopy [3] are
three of the most spread techniques. They will be detailed in the following.

Phase contrast microscopy

Phase contrast microscopy is based on the conversion of the phase change caused by the
transparent sample, into an intensity change that can be observed by eye or with a camera.
The sample is illuminated by a hollow cone. It creates a phase shift of the incident light due to
its thickness and refractive index. In order to create destructive (or constructive) interferences
between the diffracted light from the sample and the directly transmitted light, the directly
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transmitted light is then phase shifted by a phase ring, as shown in Figure 1.1. Interferences
can be seen by naked eye or visible camera. The result is an image with dark (resp. bright)
features on bright (resp. dark) background.

—_— — — e ANNUIUS

e > <€ Condenser

(=05 &) «—— Sample

< > <L Objective
< Phase ring

<€ » <€ Tube lens

-« > <€ Eye lens

<z > <€ Camera lens

e € (amera

Figure 1.1 — Phase contrast microscope scheme.

This technique is useful for birefringent samples or sample holders since it does not use
any polarization property. Halos artifacts are typical of this technique. However it is not
recommended to image thick samples because of the lack of z-sectioning.

Polarized light microscopy

The beam from the light source is linearly polarized before the sample. The light going through
phase changes inside the sample undergoes a polarization change. A crossed-polarizer is
placed after the sample to block the directly transmitted light, as shown in Figure 1.2. This
technique is useful for imaging birefringent samples (ones that have a refractive index de-
pending on the incident light polarization). This technique does not have halos artifacts as
encountered in phase contrast images.

2
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€ Polarizer
<z > < Condenser
| o O Ol <€————— Sample
< > < Objective
<€ Polarizer
<€ > <% Tube lens
- > <€ Eye lens
< > <€ Camera lens

e €— (amera

Figure 1.2 — Polarized light microscope scheme.

Differential interference contrast microscopy

In DIC microscopy, the incident beam is split in two beams with orthogonal polarizations and
spatially separated by a distance smaller than the microscope lateral resolution. Both beams
illuminate the sample and are recombined to create interferences, as shown in Figure 1.3. The
optical path differences encountered by both beams are visible in the interference image. So
DIC microscopy converts phase gradient into intensity.
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<€ Polarizer

Z €= Nomarski prism

B > <€ Condenser

|© O O| €——— sample

<z > < Objective

Z € Nomarski prism

€ Polarizer
<z > << Tube lens
-« > <€ Eye lens
< > <C Camera lens

e € (Camera

Figure 1.3 — DIC microscope scheme.

Compare to phase contrast microscopy, no phase stop is used so the full NA of the objective is
used which results in a better resolution and a z-sectioning enabling thick sample imaging.
Moreover, there is no halo artifact. However, this technique is not suitable for birefringent
samples or sample holders. Finally, shadowing in the shearing direction (due to the contrast
which is proportional to the optical path gradient) should not be interpreted as an estimation
of height.

Without additional modifications, these techniques do not give quantitative information
about the phase shift, i.e. the optical thickness of the cell (the product of index of refraction by
the cell thickness); they only allow visualization.
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Figure 1.4 shows a comparison of these three techniques:

Figure 1.4 - Isolated spindle at early metaphase viewed with (a) polarization, (b) phase-contrast,
and (c) differential interference contrast microscopy . Scale bar = 10um. Reproduced from [4].

Transport of intensity equation approach

The transport of intensity equation (TIE) approach is based on the recording of several defo-
cused images of the sample illuminated with incoherent light (e.g. white light) [5], as shown
in Figure 1.5. TIE is used to express the propagation of the light between the different planes
of defocus [6, 7]. It allows to reconstruct the quantitative phase and amplitude of the sample.
Uniform intensity illumination can be easily achieved using a white light source. If the optical
field at a given z is considered:

U(x,y) =/1(x, y)exp ?>Y) (1.1)

where I(x, y) is the intensity and ¢(x, y) is the spatial phase distribution. Then in the paraxial
approximation the TIE is [6]:

I(x,y) _

ko e =-v(x,y)volx )l 1.2)

where ko = 27” is the wave number and A is the spectrally-weighted mean wavelength of
illumination. The intensity is obtained by recording an image at focus plane and the z-
derivatives are obtained by defocusing the image.
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B > <€ Condenser

Az I |© O O| €« Sample

<€ » <€ Objective
-« > <€ Tube lens
-« > <€ Eye lens

<€ > < Camera lens
I ] <€ Camera

Figure 1.5 — TIE microscope scheme.

Lateral shearing interferometry

In lateral shearing interferometry, the sample is illuminated in transmission and then the
wavefront after the sample is replicated and the replica is shifted laterally. Both interfere on a
camera, as shown on Figure 1.6. The phase gradients are retrieved by specific algorithms [8].
However, when the lateral shear is performed in only one direction, the recovered gradient is
also in the same direction so no quantitative 2D phase is retrieved. That is why quadriwave
lateral shearing interferometry (QWLSI) was developed [9]. In this case, the wavefront after
the sample is replicates 4 times with each time a different lateral shift in different direction.
Two gradients along two different directions are reconstructed and combined to create a
quantitative phase image. This technique can be implemented in a classical microscope.
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<z > <L Condenser

| O O Ol €——— Sample

< > < Objective

<z > < Tube lens

-« > <€ Eye lens

[ ] <€ Modified Hartmann mask
< > <€ Camera lens

I ] <€ Camera

Figure 1.6 — Quadriwave lateral shearing interferometric microscope scheme. The modified
Hartmann mask, which is a 4-wave-only 2D diffraction grating, is used to create the replica.

Digital holographic microscopy

Digital holographic microscopy (DHM) is based on recording a hologram of the sample. The
latter is then reconstructed digitally in order to retrieve the amplitude and phase of the sample.
It is a quantitative phase imaging technique, which means that transparent objects cannot
only be visualized but quantitative information about the optical thickness (i.e. morphology)
can be extracted with nanometer precision [10-17]. It is thus a label-free method which does
not require the kind of staining used in fluorescent microscopy [18]. The DHM technique also
allows for real time data recording, such as to view the damage or the repair of cells in real
time during laser microsurgery [19], observe cell division [20] or changes of cellular volume to
monitor apoptosis for example [12,13,21-24]. During the digital image reconstruction, the
object can be retrieved at different focal planes which makes 3D tracking of particles/cells
possible [10, 25-29]. The observation of neuronal network activity also paves the way to
functional imaging using DHM [30]. Finally biophysical parameters are accessible such as
intra cellular refractive index [12, 13,22, 23] and dried mass concentration [31].

The DHM technique has been chosen in the present work because of its capacity to retrieve
the quantitative phase and the fact that it can be designed in a lensless, cost-effective and
compact way. More details will be given in the next section.
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1.1.2 Lensless holography

Holography is an interferometric technique that consists in encoding amplitude and phase
information of a sample in an intensity pattern called an hologram. In this technique, the
sample is illuminated with a coherent or partially coherent light, e.g. from a laser. This beam is
called object beam and contains information about the sample. A second beam, coherent with
the first one, is used as reference and does not contain sample information. The hologram H
is the interference between the reference beam R and the object beam O. H can be written as:

H=RR*+ 00" +RO* + OR" (1.3)

where * means conjugate. The interference terms RO* and OR™ contain the virtual and real
images. The goal of this technique is to retrieve the amplitude and phase of one of these two
images. The basic idea is to isolate one of the interference term and then propagate it through
a distance equal to the one between the sample and the recording medium (i. e. the camera in
case of digital holography). This allows to know how the sample disturbed the light, hence
know the amplitude and phase of the sample. This kind of process is well-known and called
backpropagation [17,32,33]. Different types of holography exist. In this manuscript, I will only
focus on: lensless in-line and off-axis holographies in transmission.

In-line

In lensless in-line holography, the light is decomposed in two beams after the sample: one
disturbed and one undisturbed as shown in Figure 1.7. The disturbed beam is the part of the
light that has been scattered by the sample: it is the object beam; and the undisturbed part is
the part of the light that goes through without “seeing” the sample: it is the reference beam.
Both interfere at the camera plane. This interference pattern is sampled and digitized by the
camera chip to give the so-called digital in-line hologram.

<z Incident beam

O C-) d:— Sample

Undisturbed beam

"
TN —_——— <€ Disturbed beam
N

- Camera

Figure 1.7 — Lensless in-line holography principle scheme. An incident beam illuminates the
sample. After the sample the undisturbed beam and the disturbed beam interfere on the camera.
An in-line hologram is then recorded.
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In order to unambiguously retrieve the quantitative amplitude and phase of the sample
from in-line holograms, a phase retrieval algorithm is required [17, 32] which uses more
than one hologram. This is due to the well-known twin-image problem, characteristic of
in-line holography. Indeed, the real, virtual and zero order images are superimposed in the
spectrum, which implies that the image is disturbed by the out-of-focus twin-image [17] and
the phase cannot be retrieved correctly. This twin-image problem arises from the intensity-
only measurements and the subsequent loss of the phase. Figure 1.8 shows a simulation of
in-line holography. The ground truth consists of dried human epithelial cells on a microscope
slide that have been imaged using a commercial digital holographic microscope (DHM) from
LynceeTec. The reconstructed amplitude and phase of the cells measured with the DHM
are then used to simulate in-line holography. Figure 1.8(a) is the original amplitude and
Figure 1.8(b) is the original phase. These two are combined to make a simulated hologram.
Figure 1.8(c) (resp. Figure 1.8(d)) shows the reconstructed amplitude (resp. phase) using only
backpropagation of one hologram. The twin image is clearly visible creating ringing structures
around objects.

Amplitude Phase

Original

Reconstructed

Figure 1.8 - Simulated backpropagation with an in-line hologram using dried human epithelial
cells on a microscope slide imaged with a commercial DHM from LynceeTec as simulated object.
(a) Original object amplitude. (b) Original object phase. (c) Reconstructed amplitude using
backpropagation algorithm with only one simulated hologram. (d) Reconstructed phase using
backpropagation algorithm with only one simulated hologram. Color bars are in radians.



Chapter 1. Introduction

This twin image problem is solved numerically by the mean of phase retrieval algorithms.
They estimate both phase and amplitude from intensity-only holograms using additional
information. This can be prior knowledge about the sample as support constraints [34—
38]. The required information can also be gathered by recording several holograms of the
same sample with, for instance, different distances between the sample and the camera
[39,40], different light source wavelengths [41], or by illuminating the sample with different
illumination directions [42]. Finally, phase-shifting is another way to retrieve the phase in
in-line holography [43,44]. This technique consists in recording four digital in-line holograms
with each time a phase shift of the reference beam.

Off-axis

Another way to avoid the twin-image problem is to use lensless off-axis holography. This
technique consists in illuminating the sample with one beam that interferes coherently with a
second beam that does not go through the sample and makes an angle with the first beam as
shown in Figure 1.9.

Reference beam

//// S © gl
2>
L

L7 7
7575
272

<€—— (Camera

Figure 1.9 — Lensless off-axis holography principle scheme. An incident beam illuminates the
sample. The object beam and the reference beam, that did not go through the sample and is
coherent with the object object, interfere on the camera. An off-axis hologram is then recorded.
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1.1. Basic concepts

The angle between the two beams acts as a carrier spatial frequency. The real image, virtual
image and zero order are then separated in the spectrum, as depicted in Figure 1.10(b). This
spectrum is filtered to isolate the real (or virtual) image as shown in Figure 1.10(c). This
step allows retrieving a twin-image free image. Finally, the correct phase is obtained using
backpropagation algorithm [17,32,33] on the image corresponding to the filtered spectrum.

Real image

Oth order

Figure 1.10 — Off-axis holography reconstruction example.(a) Hologram of dried epithelial
human cells recorded with a commercial DHM with a 5x objective. (b) Spectrum of (a). (c)
Filtered spectrum (i.e. filtered (c)). (d) Reconstructed phase from (a) after backpropagation from
the inverse Fourier transform of (c).

1.1.3 Phase volume hologram gratings

In this thesis phase volume hologram gratings are used to shape and redirect an incident light
beam. In order to record the hologram gratings, a Mach-Zehnder interferometric setup is
used. A continuous wave, single frequency laser is collimated and split by a beam splitter to
generate a signal beam and a reference beam. The reference and the signal beams interfere in
the photopolymer and induce a change of refractive index, which results in a phase volume
grating. A basic scheme of such interferometer is shown in Figure 1.11.

11
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< Laser source
L L

A

BS i - M

\J

L

L
h $ A /(— Photopolymer
M

Figure 1.11 — Mach-Zehnder interferometer scheme. M = mirror. BS = beam splitter, L = lens.

> i

Figure 1.12 shows an example of recording.

<z Signal beam

Reference beam —)V
Re?2 111\ \\\\Y

\7/
Figure 1.12 — Volume hologram grating recording principle scheme. The signal beam and the
reference beam interfere in the photopolymer. Its refractive index changes according to the

amount of light it receives. After this exposition, the photopolymer is illuminated with a white
light in order to fix the grating.

< Photopolymer

After recording, the photopolymer is cured using white light in order to fix the grating inside
the photopolymer. Then when the grating is illuminated with the same reference beam,

the diffracted light will be shaped and redirected similarly to the signal beam, as shown in
Figure 1.13.

12
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Reference beam —)\\*_))),

<< Photopolymer

<—— Diffracted beam

Figure 1.13 — Volume hologram grating reading principle scheme.The reference beam (same as
the one used in the recording process) illuminates the grating and is then shaped and redirected
as the signal used in the recording process.

Multiplexing

Each grating is characterized by the Bragg condition:

—

ky—kg=G (1.4)

where E is the reference beam wave vector, k_d) is the diffracted beam wave vector and 6 is the
grating vector. The diffracted beam then depends on the reference beam incident angle and
wavelength. This property is used to multiplex hologrames, i.e. to record several holograms in
the same volume of the photopolymer. Indeed, when the Bragg condition is no more fulfilled,
the diffraction efficiency of the diffracted beam goes to zero, which means that there is no more
diffracted beam. So if several holograms are recorded with different Bragg conditions, they
will be multiplexed and only one beam will be diffracted per reference beam. The diffraction
efficiency in a transmission grating can be written as [45]:

. 1
sin?(v? + &%)z

1.5)
1+5
%
where
AOKdsin(p—0y) —AAK?d
£ = $=00) _ (1.6)
2¢; 8mncg
and
nnld
V= — 1.7
Alcres)?

where c; = cos(f) and ¢ = cos(0) — %cos((p) are the obliquity factors, ¢ the slant angle of the
grating, f= 2, K= 2Z the grating vector, A the grating period, n; refractive index modulation,
d the thickness of the grating, A8 the angular deviation from the Bragg angle 6, AA the spectral

deviation from the Bragg wavelength A.
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Figure 1.14 shows typical efficiency curves with respect to the angular deviation (Figure 1.14(a))
and spectral deviation (Figure 1.14(b)) for a transmission grating of thickness 70um.

a. b.
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Figure 1.14 — (a) Angular selectivity and (b) spectral selectivity for a transmission grating assum-
ing0y=60°, 1o =681nm, n; =103, n= 1.5, A=0.5um, ¢ = 1.4radian and d = 70um.

The angular selectivity at Full Width Half Maximum (FWHM) of a transmission grating can be
approximated by [45]:

A
AOrwHM = 7 (1.8)

Similarly the wavelength selectivity at Full Width Half Maximum (FWHM) of a transmission
grating can be approximated by [45]:

A
AAFWHMZACOI(H)E (1.9

Multiplexing can be done in different ways [46] such as angularly (different incident angles
for each reference beam), as depicted in Figure 1.15, or spectrally (difference wavelengths for
each reference beam).

Signal beam 1 Signal beam 2
Reference beam 1 Reference beam 2 ,' ',
’ ,' ’
’ ’
’
!
0 ’
h l;
<€ Photopolymer =3

Figure 1.15 - Angular multiplexing recording principle. Recording of only two multiplexed grat-
ings is shown for clarity. The recording of the first grating is done by exposing the photopolymer
to reference beam 1 and signal beam 1. The recording of the second multiplexed grating is done
by exposing the same photopolymer to reference beam 2 and signal beam 2.
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However, if the Bragg condition mismatch between two gratings is not fulfilled, cross-talk
will appear. Cross talk is the effect of having several diffracted beams corresponding to a
single reference beam. Depending on the application this can be a limitation and needs to be
minimized. The angular (respectively spectral) selectivity needs to be measured in order to
evaluate the angular or spectral shift necessary to achieve a given cross-talk value.

Shift multiplexing

It is important to note that angular multiplexing can be done by using a spherical wave instead
of a plane wave, a multiplexing scheme coined shift multiplexing. Indeed, as depicted in
Figure 1.16, when a spherical reference beam is moved, the incident angle on a specific point
varies [47]. This is the multiplexing technique used in this thesis. When several hologram
gratings are recorded sequentially in the same volume of the photopolymer, the level of light
exposure seen by each hologram depends on the order in which they were recorded, as shown
in Figure 1.16. Hence a so called exposure schedule needs to be devised in order to match the
diffraction efficiency of each hologram.

-->
Reference beam 1 Reference beam 2

Photopolymer=—31f

I
Figure 1.16 - Shift multiplexing principle with two spherical reference beams. Only two reference
beams are shown for clarity. The photopolymer is exposed by both reference beams on the orange
region and only one on the yellow regions. On the left, a zoom of the overlapping part of the

photopolymer shows the incident angle difference between the two shifted beams on a specific
point.

Photopolymer material

The photopolymer material also affects the beam homogeneity. Indeed, in this thesis the pho-
topolymer has defects inside its volume, as can be seen in Figure 1.17, which create unwanted
diffraction patterns in the diffracted beam. Moreover, only one side of the photopolymer
was protected by a cellophane removable layer. The other side of the photopolymer could
be scratched during the multiple preparation of the samples. The combination of volume
scattering defects and surface aspect further create a spatial beam inhomogeneity.
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Chapter 1. Introduction

Figure 1.17 - Microscope image of the photopolymer substrate, taken with a reflection widefield
microscope. Defects are visible in white on the image.

However, it has been chosen because it is very easy to use (laminated directly onto a glass
holder and fast curing with white light), adapted to the red source wavelength (670nm) and
with enough dynamic range (An = 10~3) for multiplexing several holograms with good effi-
ciency for my experiments.

Moreover, the recording process is as follow. The polymerization starts when the photopoly-
mer is first exposed to light and only stops when all the polymerizable monomers are con-
sumed [48]. While recording a grating, the monomers diffuse to the bright fringes of the
interference pattern and polymerize. This diffusion creates the refractive index of the material
to be modulated [48]. Finally, the photopolymer has first to be exposed with uniform incoher-
ent precure light in order to reach the polymerization threshold uniformly [48], as depicted in
Figure 1.18, so that the subsequent exposure produce a linear change of index with exposure
dose [48].

Refractive index change

T Exposure dose
Threshold

Figure 1.18 — Typical photopolymer dosage response curve.
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1.2 Motivation and literature

1.2.1 Lensless microscopy

Lensless imaging refers to an imaging technique which requires no imaging element, such as
microscope objective, between the light transmitted by the sample and the camera [49]. This
configuration enables designing compact devices. It was initially developed for imaging in the
Xray and UV spectral ranges because of the difficulty to produce lenses in these wavelength
ranges [50]. In the visible range, it is mainly investigated for microscopy, because lensless
imaging provides high resolution (sub-micrometer) with a large field of view (FOV) equal to
the size of the camera chip (~several mm?). In classical microscopy, the FOV is limited by the
magnification and the camera chip size as:

camera chip size

FOV = (1.10)

magnification
Moreover, lensless microscopy also has the advantage to be cost effective since microscope
objectives are expensive and bulky. DHM has also been developed without any microscope
objective or lenses in order to obtain a simpler setup. Those devices are made of the same
three parts as a classical microscope: illumination, a sample on a slide and a detector; however
the detection part only contains a camera; no optical element is situated between the sample
and the camera.

In-line digital holography

In-line DHM has been well investigated as a lensless interferometric technique for phase
imaging, which requires only one illumination beam. This technique has been proposed with
incoherent illumination [49,51-57] to create speckle-free images; however, the compactness of
the imager is then compromised since a rather large distance (several centimeters) is needed
between the source and the sample to obtain enough spatial coherence. Other compact
common-path interferometric methods have been investigated to obtain quantitative phase
imaging based on lateral phase shifting [58, 59]. In digital in-line holography, the quantitative
phase cannot be retrieved by only applying backpropagation to the recorded hologram as
explained in 1.1.2. One of the phase retrieval technique uses a multi-angle illumination [42,60].
During this process, several holograms are recorded with different illumination directions.
The amplitude and the phase are then numerically reconstructed using all those holograms.
This technique has been proposed with an optical fiber mounted on a rotational arm [42,54] as
shown in Figure 1.19 or several light-emitting diodes (LEDs) coupled in a fiber-optic array [61].
In this system, the distance between the end of the fiber and the object has to be quite large
(several cm) to obtain enough spatial coherence. Moreover, the illumination is placed on top
of the sample, which makes difficult additional measurements such as fluorescence imaging.
This multi-angle illumination can also be used to resolve depth in a volume [41, 62, 63].
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Figure 1.19 — LISA, Lensfree Imaging using Synthetic Aperture, experimental set-up. (a) A
partially coherent light source (spectral bandwidth:,2.5 nm) is coupled to a single mode fiber.
This fiber is mounted on a rotational arm to provide tilted illumination across two orthogonal
axes (red and blue trajectories). At each angle, the source is laterally shifted multiple times (see
bottom left inset) to capture a stack of lower-resolution holographic images. (b) The sample is
placed onto the image sensor chip at a distance of about 100-500 um. The distance between the
fiber end and the image sensor is about 7-11 cm. Reproduced from [42]

Off-axis digital holography

When applied to microscopy, off-axis DHM is often used to image transparent biological mate-
rial and quantify the optical thickness of cells [14,64-70], since a quantitative measurement
of the phase is accessible. Diverse implementations have been presented such as an add-on
for a widefield microscope [71-73], a color DHM [74], autofocus [75], as a portable device
that uses a grating to redirect part of the incident light to create a reference beam with a
specific angle [76, 77] and stand-alone DHM in transmission and reflection configuration [78].
Reconstruction can be done in different depth planes which allows DHM to track elements
in a 3D volume [69, 79, 80]. Tomography has also been investigated by rotating the sample
and recording several holograms [81, 82]. Compact versions of off-axis DHMs have been
implemented [83-85]. For example, an implementation makes use of a beam splitter to obtain
two beams, object and reference, from one light source [83, 86]. An objective is added in
front of the sample to increase the resolution. This type of design only works in reflection.
Another proposed scheme is made of a set of different lenses to image in transmission [84].
The two paths are created by using only a part of a collimated beam for each beam (object and
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reference). Finally, other holographic techniques have been utilized to achieve this goal, such
as self-interference design [85,86] and shearing interferometry [87]. All those implementations
either include lenses or only work in reflection.The same kind of device using a beam splitter
has been presented for lensless imaging [88], i.e. without an objective in front of the sample,
which makes it more compact but works only in reflection.

1.2.2 Superresolution
Resolution and contrast

The resolution of an image is defined by the shortest distance between two points that can
be distinguished. The Rayleigh criterion is often used as resolution of an optical system. It
corresponds to the distance between two Airy functions (which are the impulse responses of
an optical system with a circular aperture) when the first zero of the first one coincides with
the maximum of the second one, as shown on Figure1.20 with:

2]1(mx)

b 1 (1.11)
X

I(x)=(
where J; corresponds to the first order Bessel function. This is directly related to the notion of
contrast. Indeed this criterion corresponds to a contrast between the two maxima of the sum
of those functions and the minimum between them, of 26.4% as shown in Figure 1.20. In this
thesis, the resolution of the devices I made uses this criterion.

Figure 1.20 — Resolution and contrast. Two Airy functions (red and blue curves) separated by
the Rayleigh criterion and their sum (yellow curve). The contrast between the maximum of this
sum and the minimum between the two maxima is 26.4%.

Subpixel resolution

The resolution of lensless imaging devices is limited by the pixel size of the camera chip
(~several micrometers) and the reconstruction algorithm. Indeed, Claus et al. [89] showed
that, since the real resolution limitation comes from the numerical aperture (NA) of the
detector subtending the object, it can be taken into account in the reconstruction algorithm
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of the holograms to show object details smaller than the detector pixel size. To increase
this resolution, several lensless techniques in microscopy have been proposed. Subpixel
perspective sweeping microscopy uses images taken at several illumination angles. Between
two illumination angles the shadows of the sample move over a subpixel distance. A highly
resolved image is then reconstructed numerically. It is particularly interesting for sample
with high confluence. A resolution of 660nm with a 2.2um pixel size over a 24mm? field
of view has been reported with an on-chip device [52,90]. However, in this technique, the
illumination is on top of the sample which obstructs its view. Another way to increase the
resolution is to use optofluidics. X. Cui et al. [91] and G. Zheng et al. [92] used a flow of
objects in a microfluidic channel with sub micrometer holes placed along the channel. Several
projection images are taken, as the object moves with the flow, with a complementary metal
oxide semi-conductor (CMOS) camera of 9.9um pixel size. A highly resolved image is then
reconstructed numerically. A resolution of 750nm has been reported. Finally, in digital inline
holography, the increase in resolution has been investigated by using several subpixel shifted
holograms on the camera to retrieve a highly resolved hologram that is then processed in
a pixel super-resolution algorithm [42, 54, 55,61, 93,94]. This technique has been proposed
with incoherent illumination to create speckle-free images; however, the compactness of the
imager is then compromised since a rather large distance (several centimeters) is needed
between the source and the sample to obtain enough spatial coherence. The subpixel shifts
are induced by changing either the wavelength of the source by several tens of nanometers [94]
or the position of the source on top of the sample as depicted in the examples in Figure 1.19
and in Figure 1.21 [42,54,55,61,93].
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micro-
controller

+23 LEDs

colour
-
filter

sample tray
»

o
CMOS sensor

Figure 1.21 - A photograph (left) and a schematic diagram (right) of a lensfree super-resolution
microscope (weighing ~95g) are shown. 23 individual multi-mode fiber-optic cables are butt-
coupled to 23 LEDs without the use of any lenses or other opto-mechanical components. Using
an inexpensive micro-controller, each LED is sequentially turned on and is used as an illu-
mination source to create lensfree holograms of the objects on a CMOS sensor-array. These
recorded lensfree holograms are shifted with respect to each other and can be rapidly processed
using a pixel super-resolution algorithm. The distance between the fiber end and the sample is
about 3-6cm and the sample is placed atop the protective glass of the image sensor ~0.7mm.
Reproduced from [61]
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4 Compact lensless digital holographic
microscopes

In this chapter an in-line and an off-axis compact lensless digital holographic microscopes are
presented.

First, the in-line DHM has been developed to obtain a device one order of magnitude smaller
in height than other lensless imagers of comparable FOV (see 1.2.1), while providing an
unobstructed view of the sample.

The off-axis DHM has then been developed to obtain a device that can be used for high speed
imaging because the reconstruction algorithm only requires one digital hologram instead of
several for the latter. The device has a FOV one order of magnitude larger that of other off-axis
compact DHMs and is more than one order of magnitude more compact (see 1.2.1).

Some of the material presented in this chapter can be found in the following papers:

* M. Rostykus, E Soulez, M. Unser and C. Moser, “Compact lensless phase imager,” Optics
Express, vol. 25, no. 4, p. 241, 2017.

e M. Rostykus and C. Moser, “Compact lensless off-axis transmission digital holographic
microscope,” Optics Express, vol. 25, no. 14, p. 16652, 2017.

e M. Rostykus, E Soulez, M. Unser and C. Moser, “Compact in-line lensfree digital holo-
graphic microscope,” Methods, 2017.

2.1 In-line

In-line lensless quantitative phase imaging is of high interest for obtaining a large field of
view (FOV), typically the size of the camera chip, to observe biological cell material with high
contrast (see 1.2.1). It has the potential to be widely spread due to its inherent simplicity.
However, the trade-off is the added complexity of the illumination. Current illumination
systems are several centimeters away from the sample, use mechanics to obtain super res-
olution (i.e., to obtain a spatial resolution smaller than the detector pixel size) or different
illumination directions, and block the view to the sample (see 1.2.1). In this section, a side
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Chapter 2. Compact lensless digital holographic microscopes

illumination system which reduces the height by an order of magnitude while providing an
unobstructed view of the sample is proposed and demonstrated. This is achieved by shaping
the illumination using multiplexed analog holograms that produce 9 illumination angles.

In this section, I elaborated and fabricated the microscopes illumination parts. I set-up the
microscopes and I recorded and analyzed the data. I also adjusted the algorithm parameters
and ran it. Finally, I also performed the calibration step and processed the data. The phase
retrieval algorithm was developed by Dr. Ferréol Soulez from the Biomedical Imaging Group
at EPFL.

2.1.1 Device description

Initially, T used a side illuminated waveguide approach for an ultra compact light source.
A point source illuminates the waveguide (several millimeters in thickness) which guides
light by Total Internal Reflection (TIR). The holographic material is laminated on the bottom
side. The TIR is now obtained at the interface between the holographic material and air. An
analog grating is recorded between the internally guided light and a collimated beam coming
from the top of the waveguide as shown in Figure 2.1. Several attempts were done, however
experimentally, the diffraction efficiency and homogeneity of the gratings that I obtained
were too low to be usable (diffraction efficiency smaller than 0.01%). A similar geometry for
holographic recording was done using a thick photorefractive crystal [95] for data storage and
showed good results in efficiency. It might be the mismatch in index of refraction preventing a
good coupling of the light in the polymer.

Point source Waveguide

!

Photopolymer / ‘ ‘ ‘

Figure 2.1 — Waveguide device principle scheme.

I switched then to a prism based system instead of a waveguide as Figure 2.2 illustrates.

The illumination is composed of a vertical cavity surface emitting laser (VCSEL, Vixar 680S,
single mode, 0.75mW typical output power, 673nm wavelength, 100MHz linewidth) disposed
in front of one side of a K9 glass prism. On the opposite side, a BAYFOL®HX photopolymer
film of 70pum thickness from Covestro is laminated, as shown in Figure 2.2. The photopolymer
is used to record 9 analog hologram gratings to obtain a multi-angle illumination system (see
2.1.2 for more details), in order to be able to retrieve the quantitative phase of the sample
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(see 1.1.2). AVCSEL on a translation stage is used as readout source of the hologram gratings.
VCSELs are low power consumption lasers (~1mW) which make them suitable for battery
operation. It is envisioned that an array of VCSELSs can be placed as illustrated in Figure 2.2. For
each position of the VCSEL, one diffracted beam illuminates the sample with one illumination
direction. It is important to notice that the prism and the photopolymer have similar refractive
index to the prism (1.485 vs 1.52 respectively). The beam from the VCSEL is reflected by TIR
at the photopolymer-air interface. Indeed, the critical angle at the interface between the
photopolymer and the prism is ~80° and the beam’s incident angle is ~60° with an angular
spread of the VCSEL of ~8°. TIR occurs at the photopolymer-air interface since the critical
angle at the interface between the photopolymer and air is ~42°. This ensures that the zero
order of the incident beam (i.e. the through undiffracted beam) does not go to the camera
which would otherwise create a strong background noise.

Prism >
VCSELs array
Photopolymer ————p
Sample

Camera

Figure 2.2 — 2D sketch of the compact phase imager with a side illumination system composed
of VCSELSs illuminating the multiplexed holograms on a photopolymer. For clarity only two
angles of illumination out of 9, corresponding to two VCSELs, are shown. All the beams overlap
on a ~17mm? FOV, corresponding to ~50% of the camera chip size.
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Figure 2.3 shows a picture of the device in the laboratory. The camera was tilted and put
further away from the prism than during measurements for better visualization on the picture.

Prism

Camera

VCSEL

Figure 2.3 - Picture of the device in the laboratory. The camera was tilted and put further away
from the prism than during measurements for better visualization on the picture.

2.1.2 Multiplexed gratings fabrication

Nine angularly and spatially multiplexed volume analog holograms are recorded in the pho-
topolymer laminated on the prism. This number was chosen in order to scan the Fourier
space in a square shape (see top right inset in Figure 2.6(b)), this is the minimum number.

Recording

For this purpose, a continuous-wave, single frequency red laser (681nm Ondax Compact
module) is set in an Mach-Zehnder interferometer configuration (see 1.1.3). The wavefront of
the reference beam is chosen to be similar to the wavefront of a VCSEL and the signal beam is
collimated. This arrangement is that of the so-called shift multiplexing (see 1.1.3).

In order to obtain several illumination directions, the recording process is sequentially re-
peated, with each time a spatially shifted position for the reference beam and a different
angle for the signal beam, as shown in Figure 2.4. Several hologram gratings are consequently
angularly multiplexed in the photopolymer and are addressable by laterally shifting a spher-
ical reference beam. The angle of the signal beam with respect to the normal to the prism
is controlled with a 2D galvo mirror system (not shown) (Thorlabs GVS) and the position
of the reference beam along the entrance surface of the prism is controlled by a translation
stage (Newport CONEX-CC). The signal beam coming from the top is transmitted at the
photopolymer-air interface due to the 60 degree prism. Moreover, in order to better control
the signal beam direction (to avoid refraction at the output of the prism), a recording prism,
with the exact same characteristics of the prism, is added on top of the prism. Index matching
oil is added between the two prisms. After recording, the photopolymer is cured using white
light having an optical power of approximately 1.8W during 2 minutes in order to fully bleach
the absorbing monomers and fix the gratings.
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Figure 2.4 — Side view showing multiplexing of two hologram gratings. Reference beam 1 and
signal beam 1 interfere in the photopolymer film inducing index of refraction changes, which
result in a phase volume grating. The prism is then moved to have the reference beam at position
2 and the signal beam direction is changed to obtain angle 2. The two beams interfere in the
photopolymer inducing another phase hologram grating.

The challenge was to obtain similar diffraction efficiencies for all the gratings in order to have
the least intensity differences between the different digital holograms and have low crosstalk
to avoid superposition of digital holograms on the camera.

As the same diffraction efficiency was wanted for all the different gratings, a similar number of
polymerized monomer chains has to contribute to each grating. The beams do not overlap
at 100% on the film because of the reference beam shifts that are needed to avoid crosstalk.
This means that some parts of the photopolymer are more exposed that others, so less poly-
merizable monomers are available (see 1.1.3). As the gratings are sequentially recorded in the
same area, an exposure schedule had to equalize the diffraction efficiency. Table 2.1 shows
the exposure times used for the results of Figure 2.6(b). To obtain this schedule, first, the total
exposure time necessary to record one hologram with the highest efficiency was divided by
the number of multiplexed holograms. The diffraction efficiencies equalization was then done
by trial and error. A precure was performed prior to the recordings (see 1.1.3).

Grating # 1 2 3 4 5 6 7 8 9

Exposure time [ms] | 5500 | 5000 | 5500 | 6000 | 6000 | 7500 | 7500 | 6500 | 7250

Table 2.1 - Multiplexing exposure times.
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Diffraction efficiency

Figure 2.5 shows the setup used to measure the diffraction efficiency and crosstalk of each
grating. The prism was displaced in front of the incident laser beam and the optical power of
the corresponding diffracted beam is measured with a power-meter. To collect power only
from the specific diffracted beam, a collecting lens was placed at a distance such that the other
crosstalk beams do not overlap. This measurement was done for each illumination angle, i.e.
each grating.

Prism
Photopolymer
\
\

\ <€ N Diffracted beam
\ Diffracted beam

from cross-talk

\ \
N \ \
\
Lens =3 \

Power-meter

Figure 2.5 - Diffraction efficiency measurements setup. For clarity, only one diffracted angle and
one diffracted beam from crosstalk are shown.

Figure 2.6(a) shows the diffraction efficiency of a single phase grating with respect to the
in-plane position of the readout point source along the entrance surface of the prism. The
peak width gives the shift selectivity. The simulation of the diffraction efficiency as a function
of the source position is based on the work of Barbastathis et al. [47] about shift multiplexing
with spherical reference waves. The experimental Full Width at Half Maximum (FWHM)
is larger than the one of the simulation. The experimental film thickness is smaller than
the physical film thickness of 70um. From the experimental curve, the effective thickness
of the holographic film is thus 35um. This difference can be explained by the fact that the
photopolymer layer is quite thick and the gratings are only recorded in the part of the polymer
closer to the interface with the glass.
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Figure 2.6 — (a) Normalized diffraction efficiency versus source position (¢ = -11.5°, 0 = -
11.5°).The experimental curve is broader than what is expected by the theory. This means
that the effective thickness of the photopolymer (35um) is smaller than its physical thickness of
70um. This behavior has been observed by others when the photopolymer is larger than few tens
of micrometers. (b) Diffraction efficiencies of 9 multiplexed hologram gratings versus source
position along the entrance surface of the prism.

Figure 2.6(b) represents the diffraction efficiency curves of 9 multiplexed holograms with
respect to the in-plane source position along the entrance surface of the prism using the
same laser source for recording and readout. When superimposed on the same graph, we
can observe that the main contribution of the cross talk (see 1.1.3.) comes from the beam
corresponding to adjacent point sources. In the worst case, the relative crosstalk is less than
6% of the main peak, which was found acceptable for the reconstruction algorithm. This is

more visible on Figure 2.7.
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Figure 2.7 — Diffraction efficiencies of 2 multiplexed hologram gratings versus source position
along the entrance surface of the prism with crosstalk.
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Chapter 2. Compact lensless digital holographic microscopes

The maximum efficiency measured by recording only one grating on the prism is ~23%. This
efficiency is quite low which can be explained by the fact that the two recording beams on
the photopolymer were not exactly of the same size. According to the work of Barbastathis et
al. [47], the efficiency per grating when multiplexing in such configuration is (%)2, where
M, umper 18 @ parameter that depends on the photopolymer and illumination characteristics
(wavelength, refractive index change) and M is the number of gratings. For one grating we
obtain: My mper = 0.48. We can then compute the efficiency per grating in the case of 9
(2522

gratings: = 0.28%. The efficiency of each peak observed in Figure 2.6 shows a good

agreement.

2.1.3 Reconstruction algorithm

One digital in-line hologram was recorded on the camera per illumination angle. A total of
nine in-line holograms were thus obtained corresponding to the 9 illumination angles. The
amplitude and the phase of the sample are then reconstructed with an algorithm presented
below.

Illumination angles estimation

The reconstruction of the phase and amplitude of the sample starts with the estimation of the
illumination angles. Indeed, to fit exactly the experiment conditions, the angles are computed
from the lateral shifts of the hologram on the camera from the position of the hologram
recorded with normal illumination which is taken as the reference. Figure 2.8 shows the case
of one illumination direction.

Sample plan/ /

6
¢

Z

Figure 2.8 — Illumination angles determination. ¢ and 0 are the angles between the normal to
the camera plane and the diffracted beam in x and y directions.
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2.1. In-line

The shifts are estimated using a registration algorithm [96]. The algorithm first estimates
roughly the shift by crosscorrelation and Fast Fourier Transform (FFT). The steps are:

e Compute the FFT of the two images: FFT; and FFT»
e Do a zero padding of the product FFT, FFT, , where * means conjugate
e Compute the inverse FFT, which corresponds to an upsampling of the crosscorrelation

e Estimate the shift thanks to the peak location

The estimation of the shift is then refined by upsampling this crosscorrelation in the neighbor-
hood of the first estimation (i.e. of the peak) using Discrete Fourier Transform (DFT). These
shifts are then converted in illumination angles using the following equations:

X
Q= tan_l—p
z

(2.1)

yp
<

0=tan (2.2)
where x (resp.y) is the shift in pixels in one direction (resp. the other one), p is the pixel size
and z is the distance between the sample and the camera (see Figure 2.8).

Phase retrieval algorithm

A phase retrieval algorithm then takes the stack of holograms and iteratively estimates the
object phase and amplitude with the help of appropriate proximity operators [97]. The
reconstructed object 0" € CIV (where N is the number of reconstructed pixels) is estimated in
a variational framework by minimizing a cost function which is a sum of the likelihood term
% and a regularization term %:

o' =argmin % (0) + u%(0) , (2.3)
0eDN

where D = {x € C; |x| = 1} is the subspace of C of phase only objects. u is a regularization
parameter that tunes the balance between the information given by the measurements and
the priors. In this approach known as penalized maximum likelihood, the data term is defined
according to the forward model and the statistics of the noise, whereas the regularization
function is designed to enforce some prior knowledge about the object (such as support,
non-negativity, smoothness,...). In the presented work, we use the well known total variation
regularization function [98]. The equation (2.3) is solved by the mean of the Alternating
Direction Method of Multipliers (ADMM). It uses closed form solution or proximity operator
of each function [97]. Such an iterative projection method is a Total Variation regularized
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Chapter 2. Compact lensless digital holographic microscopes

evolution of the seminal algorithms of Gerchberg Saxton [99] and Fienup [100].

The main advantages of the proposed algorithm compare to the Gerchberg-Saxton algorithm
come from the use of proximity operators [97] and the regularization. First, the algorithm takes
Gaussian and Poisson noises into account in the projection step. The field is then extrapolated
so diffraction patterns from elements that are not directly seen on the camera are retrieved
(the diffraction rings are captured). Finally, higher resolution can be obtained without the use
of subpixel shifts, thanks to the different illumination angles. The regularization prevent noise
amplification in the phase retrieval process.

The output of the algorithm are the reconstructed amplitude and phase of the sample. In
order to obtain quantitative phase results, a calibration of the reconstruction is made using
commercial DHM images as references (see Appendix A for more details).

2.1.4 Phaseimaging

Dried human epithelial cells on a microscope slide were imaged using the presented device
with illumination angles ranging between -9.5° and 9.5° along both directions. The recon-
structed phases from the device using 9 holograms and from a commercial DHM (LynceeTec
T1003, 5x and 10x objectives) are shown in Figure 2.9. Profile cuts were performed to show
the quantitative phase capability of the technique. Using our device, the thickness of the cells
can be estimated and is in agreement with the DHM observation. This thickness & is deduced
from the phase value using the following equation:

Ao -
po LA
2nAn

(2.4)

where, A¢ is the measured phase in radian, A is the wavelength in vacuum and An is the
difference between the refractive index of air and that of the dried cell. The refractive index of
the dried cell chosen is 1.3. Cells have usually a refractive index comprised between 1.3 and 1.5
depending on their types. The index of refraction is measured with optical techniques based
on phase measurement, for example with two different wavelengths in order to decouple the
thickness and the refractive index of the cells effects on the phase value [14,23]. In this thesis,
I have not attempted to decouple thickness and refractive index.
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Figure 2.9 — (a) Reconstructed phase with the proposed device and algorithm full FOV. (b)
Reconstructed phase with the proposed device and algorithm (crop from a. of 0.0064mm?).
(¢) Reconstructed phase with a Digital Holographic Microscope (DHM) using a 5x objective
(crop 0.0064 mm?). (d) Reconstructed phase with the proposed device and algorithm (crop from
a. of 0.0033 mm?). (e) Reconstructed phase with a Digital Holographic Microscope (DHM)
using a 10x objective (crop 0.0033 mm?). (f) Reconstructed phase with the proposed device and
algorithm (crop from a. of 0.004 mm?). (g) Reconstructed phase with a Digital Holographic
Microscope (DHM) using a 10x objective (crop 0.004 mm?).
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Chapter 2. Compact lensless digital holographic microscopes

However, as the illumination with our device is not as uniform as with a DHM, the recon-
structed phase image is noisier and shows some ‘pixelation’ artifacts and non-uniformity
across the full FOV. This last point is not a limitation since a calibration is taking into ac-
count this non-uniform illumination. The apparent noisy background of the reconstruction
is coming from the illumination beams that suffer from non-uniformities originated in the
photopolymer substrate, as shown in 1.1.3. Note that the DHM has a FOV about 4 times
smaller with a 5x objective for a similar resolution than the proposed method.
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Figure 2.10 - (a) Reconstructed phase by only backpropagating one hologram recorded with the
proposed. (b) Reconstructed phase with the proposed device and algorithm. (c) Reconstructed
phase with a commercial DHM using a 10x objective.

Figure 2.11 - (a) and (c) Reconstructed phase without using regularization. (b) and (d) Recon-
structed phase using the proposed regularization.

Figure 2.10 shows the difference between the reconstructed phase by backpropagating only
one hologram (Figure 2.10(a)), by using the proposed algorithm with 9 holograms (Figure
2.10(b)) and with a commercial DHM and a 10x objective (Figure 2.10(c)). Since the height
of the cell is different from the ground truth image, it is clear that the retrieved phase of the
first case is not quantitative. Moreover, Figure 2.11 shows the same reconstructed FOV with
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2.1. In-line

and without the use of the regularization term (see cost function 2.3). The use of the proposed
algorithm is thus essential to retrieve a quantitative phase. The morphology of the cells are
also better resolved.

The resolution of the proposed device and reconstruction is ~4.92um, limited by the pixel
size [101] and noise. It is important to notice that super resolution is not achieved in the
reconstructed images, as depicted in Figure 2.12, likely because of the illumination beam
uniformity that is affected by the multiplexing and the noisy photopolymer substrate, as
explained in 1.1.3. Figure 2.12(b) has been obtained by illuminating the phase sample directly
with the laser beam used to record the multiplexed gratings, which means without going
through the prism and diffraction from photopolymer, hence it is a more uniform beam.
Digital holograms using the same 9 angles as in Figure 2.12(a) were recorded with the direct
beam and reconstructed with the proposed algorithm. This yields better image quality, thus
showing that the current image quality obtained with diffraction from the photopolymer can
be improved by having a more uniform photopolymer medium.

Figure 2.12 — Reconstructed phase of a USAF 1951 phase test target with the proposed device (a)
and with direct laser illumination (b). Both reconstructions were performed with the proposed
algorithm. A built-in background filtering of Image] was applied to (b).

Several representations of in-line holograms obtained by varying the illumination angle are
necessary to fully reconstruct, without ambiguity and with high fidelity, the actual quantitative
phase of the sample. In addition to the acquisition time, the computing time to perform phase
retrieval lengthens the time to obtain a final image. Next I propose a lensless method that
is computationally simpler and which requires just a single off-axis hologram to extract the
phase image .
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Chapter 2. Compact lensless digital holographic microscopes

2.2 Off-axis

Current compact lensless holographic microscopes are based on either multiple angle in-line
holograms (such as the one presented), multiple wavelength illumination or a combination
thereof. Complex computational algorithms are necessary to retrieve the phase image which
slows down the visualization speed of the image generation, as we just saw. Here, a simple
compact lensless transmission holographic microscope is proposed with an off-axis config-
uration which simplifies considerably the computational processing to visualize the phase
images and opens the possibility of real time phase imaging using off the shelf smart phone
processors and less than $3 worth of optics and detectors, suitable for broad educational
dissemination. This is achieved using a side illumination and analog hologram gratings to
shape the reference and signal illumination beams from one light source, as in the previous
the section.

In this section, I elaborated and fabricated the microscope illumination parts. I set-up the
microscope and I recorded the data. I also ran the reconstruction algorithm and processed
the data.

2.2.1 Device description

The illumination is composed of the same prism and VCSEL as the ones in the in-line mi-
croscope presented in 2.1. However, two analog volume hologram gratings are recorded
separately in the photopolymer at two positions (see 2.2.2 for more details), instead of the 9
angularly and spatially multiplexed gratings. One diffracted beam goes through the sample
and the other is used as reference. Both interfere on a camera (The Imaging Source 27UJ003-
ML, 1.67um pixel size, similar to mobile phone camera). The two gratings are designed to
diffract the diverging light from the VCSEL inside the prism into two collimated beams sep-
arated by a 5.8° angle, as shown in Figure 2.13. The angle between the beams is chosen to
respect the Nyquist criterion necessary to resolve the interference fringes on the camera:

. A
sinf = — (2.5)
4pix

where 0 is the angle between the two beams, pix is the pixel size and A the wavelength.
During the recording process of a digital hologram, a sample is inserted in one of the two
diffracted beams. At ~4cm from the prism, the beams recombine in the camera plane where a
digital hologram is recorded. The FOV is 12mm?.

For ease of use and portability, a box has been designed and 3D printed to contain all the
elements of the proposed system. The inset in Figure 2.13 shows a picture of the device in the
proposed housing next to a typical smartphone.The box size is: 6.5cmx4.2cmx7cm.
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Figure 2.13 — 2D sketch of the compact digital holographic microscope. A VCSEL illuminates
two spatially multiplexed volume analog holograms recorded on a photopolymer laminated on
a prism. One diffracted beam goes through the sample and the other is used as reference. Both
interfere on a camera. The inset is a picture of the device in the proposed 3D printed housing.
The smartphone is shown for size comparison.

2.2.2 Multiplexed gratings fabrication

The two spatially multiplexed volume analog holograms are recorded in the photopolymer
laminated on the prism. The recording process is similar to that detailed in 2.1.2. The main
difference is that the analog holograms are here spatially multiplexed. Only one source/one
position of the source in front of the prism is needed in this case since we need to obtain both
beams at the same time. The total diffracted light represents ~3.5% of the incident source light.
The efficiency is controlled by the exposure time during the gratings recording (see 2.1.2).
More efficiency would lead to an over exposition of the camera at the smallest exposure time
available.
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2.2.3 Reconstruction algorithm

First, a reference digital hologram is recorded without a sample in the beams. The sample is
then inserted in one of the two beams and a new digital hologram is recorded. The reference
hologram is used to provide a reference phase background of 0 radian to be able to evaluate
the quantitative phase of the object. During the reconstruction process, the real or virtual
image (see 1.1.2) is selected in the Fourier plane. Amplitude and phase of the sample are then
retrieved through backpropagation [17,32]. The reconstruction process is performed using
KOALA software from LynceeTec.

2.2.4 Phase imaging

A digital hologram of a homemade phase 1951 USAF test target (etched soda lime glass)
was obtained using the proposed device and the phase and amplitude images were then
reconstructed. The hologram, spectrum and phase images are shown in Figure 2.14(a)-(c). For
comparison, the same sample was also imaged using a commercial DHM (LynceeTec DHM
T1000 Fluo) with a 5x objective and the results are shown in Figure 2.14(d)-(f).
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Proposed off-axis device Commercial DHM

Figure 2.14 — (a) Hologram recorded with the proposed device. (b) Spectrum of hologram (a)
with the mask selecting only one image. (c) Reconstructed phase with the proposed device of
the full FOV. (d) Hologram recorded with the commercial DHM. (b) Spectrum of hologram (d)
with the mask selecting only one image. (f) Reconstructed phase with a commercial DHM (full
FOV). The elliptical filtering in (b) is due to the fact that the angles in both directions between
the reference and object beams were not equal meaning that the center of the spectrum of the
real image is not exactly in the diagonal of the spectrum passing by the DC term.
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Chapter 2. Compact lensless digital holographic microscopes

The etching depth of the sample is measured in the reconstructed phase image with the pro-
posed device and then compared with the phase image obtained with the commercial DHM.
The results are shown in Figure 2.15. Excellent quantitative agreement is found. Both mea-
surements show a ~180nm etching depth showing that the proposed device allows obtaining
accurate quantitative phase measurements.
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Figure 2.15 — (a) Zoom on the red square of reconstructed phase Figure 2.14(a) (crop of
0.9x0.9mm). (b) Reconstructed phase with a commercial DHM (full FOV).

The temporal noise of the setup was measured by taking the value of the average phase of
5 pixels over the FOV during a time duration of 10 seconds at a frame rate of 6 frames/sec.
The presented device has a temporal noise of ~9nm and the commercial DHM ~0.55nm. This
noise level can be explained by vibrations in the setup due to the fact that all the elements
were not on the same holder. This noise is reduced to 2nm when successive images are taken
at the camera rate (6 frames/sec), i.e. when the time between two images is too small to
see important vibrations effect. The second origin of the background noise comes from the
diffracted beams themselves which are not perfectly spatially uniform in intensity and phase.
This is due to the substrate of the photopolymer used to fabricate the gratings (see 1.1.3). Upon
lateral vibration, the spatial phase non uniformity translates to phase noise. This background
noise can be reduced by using a photopolymer with a cleaner substrate and/or by inserting
all the microscope components in the same holder so as to avoid relative vibrations between
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them. In this way, a reference hologram of only the reference beam can be used for subtraction.
Finally, the noise due to coherence can be removed by digitally filtering the specific unwanted
frequencies that can be seen in the spectrum. The lateral resolution obtained with the device is
3.91um over a FOV of ~12mm?, which corresponds to ~40% of the camera chip. The resolution
is limited by the pixel size and the maximum size of the selected area in the Fourier space
during reconstruction. Note that the commercial DHM has a FOV more than 6 times smaller
for a resolution of ~3.1um. A similar experiment was made with dried human epithelial cells
on a microscope slide. The result is shown in Figure 2.16(a) along with the reconstruction
from a commercial DHM image Figure 2.16(b).
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Figure 2.16 — Reconstructed phase of a hologram of human epithelial cells taken with the
proposed device (a) and with a commercial DHM (b).

The camera sensor area is larger than the presented FOV. The size of the FOV is related to
the size of the diffracted beams from the analog gratings. Indeed, if the size of the diffracted
beams is increased, the distance between the two analog gratings must be increased (to have
separated beams) which induces a longer distance for the recombination of the two beams,
i.e. aless compact device. To have two separated beams and a compact device, the choice was
made to have a limited FOV of ~12mm?, which is already more than 6 times larger than the
one obtain with a 5x objective and similar resolution.
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8] Compact lensless subpixel resolution
large field of view microscope

In this chapter a technique to increase the spatial resolution in a compact lensless digital
holographic microscope is presented.

Some of the material presented in this chapter can be found in the following paper:

e M. Rostykus, M. Rossi and C. Moser, “Compact lensless subpixel resolution large field of
view microscope,” Optics Letters, vol. 43, no. 8, p. 1654, 2018.

A compact digital lensless in-line holographic imager has been developed where subpixel
shifts are created by changing the injection current of a VCSEL that illuminates a grating
recorded in a photopolymer film. By varying the injection current, the source wavelength
changes which in turn changes the diffracted beam angle. The reconstructed resulting image
has alateral resolution smaller than the pixel size.

In this section I elaborated and fabricated the microscope illumination parts. I set-up the
microscope and I recorded the data. I also participated to the reconstruction algorithm writing,
Iran it and processed the data. Mattia Rossi from the Signal Processing Laboratory (LTS4) at
EPFL contributed to the algorithm writing.

3.1 Device description

A compact lensless imager performing phase retrieval has already been presented by the
authors [102] but had a resolution limited by the pixel size of the camera . Here, a side
illumination system is constructed with a prism onto which a volume phase grating is recorded
in a photopolymer (Covestro BAYFOL®HX). The volume hologram is illuminated by a VCSEL
(Vixar 680S), which produces a collimated diffracted beam illuminating the sample. Figure 3.1
is a sketch of the device. The employed monochrome camera has a 5.2pum pixel size (Thorlabs
DCC1545M).
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Figure 3.1 — Compact lensless subpixel resolution large field of view microscope sketch.

When the injection current of the light source is changed, it induces a wavelength change of
the light. This is shown in Figure 3.2 which shows the wavelength shift with respect to the
VCSEL driving current.
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Figure 3.2 — Wavelength shift VS. driving current of the VCSEL.

The change of wavelength results in a slight change in the diffracted angle from the grating. The
volume grating has been recorded with a collimated beam and since the wavelength change is
very small (0.044%), the diffraction results in a small angular change with negligible deviation
from a plane wave. This creates a shift of the hologram on the camera, which depends on the
distance between the sample and the camera. Figure 3.3 illustrates this situation. The digital
hologram depends also on the wavelength; however since the maximum wavelength change
is smaller than 0.5nm, this change is negligible in the reconstruction process.
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Figure 3.3 — Sketch of the subpixel shift created by the wavelength selective diffraction which
changes the illumination angle.

3.2 Grating fabrication

The volume analog hologram is recorded in the photopolymer laminated on the prism. The
recording process is the same as the one detailed in 2.1.2. The main difference is that only one
grating is recorded. Only one source/one position of the source in front of the prism is needed
in this case.

3.3 Reconstruction algorithm

Shifts of all the holograms are estimated [96] using the hologram taken with the lowest driving
current as reference. See 2.1.3 for more details. The stack of holograms is then processed in a
pixel super-resolution algorithm [103] to reconstruct a highly resolved hologram that is then
backpropagated [104].

3.4 Subpixel resolution imaging

In order to obtain shifts in both directions, the camera was tilted compared to the diffraction
angle change as depicted in Figure 3.4.

Diffraction angle
change direction Shift in y direction

—

Shift in x direction P>

Figure 3.4 — Sketch of the subpixel shifts directions.
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Chapter 3. Compact lensless subpixel resolution large field of view microscope

Table 3.1 shows the estimated hologram shifts, obtained with the algorithm above, in hori-
zontal and vertical directions at the camera plane with respect to the VCSEL driving current
(corresponding to wavelength shifts) for a sample-camera distance of ~7mm. This distance
has been chosen to obtain a compact device and to provide a maximum shift of one full
pixel at the same time. The change of the illumination angle induces a shift in the Fourier
domain; however since the maximum angular shift is ~0.04°, this change is negligible in the
reconstruction process.

Shiftin o loos|o11]o015)017022]024]025]035]052
x direction [pix]

Shiftin 0 |-01]-020]-029]-034]-043]-053]-065]-084]-1.03
y direction [pix]

VCSEL driving 19 2 2122|2324 25]26]27] 28
current [mA]

Table 3.1 — Hologram shifts for different VCSEL driving currents for a ~7mm sample-camera
distance.

10 digital in-line holograms are recorded, corresponding to one per driving current of the
VCSEL. A comparison between the resolution of the amplitude reconstructed image obtained
with 10 subpixel shifted holograms, and the resolution obtained with 1 hologram taken with a
high dynamic range (HDR) is shown in Figure 3.5. The HDR image uses as many holograms
as the one reconstructed with the proposed method, which makes the contrast (hence the
resolution) comparison more correct. A resolution of ~2.76um over a FOV of ~28mm? is
demonstrated using a camera with pixels of 5.2um. The resolution is improved approxima-
tively by a factor of two. Increasing the number of sub pixel shifted images, would result in
higher spatial resolution. Unfortunately, this would also result in a longer acquisition time.
Ultimately the improvement in resolution is limited by the numerical aperture (NA) of the
detector subtending the object [89] (see 1.2.2) and by intensity noise. In order to mitigate
the effect of intensity noise in the image, which comes from the coherent illumination, the
introduction of a regularizer, e.g., Total Variation [98], in the current super-resolution algo-
rithm could be used. This method denoises the image without losing spatial resolution. The
spatial resolution can be further increased to approach the resolution limit above by taking
the pixel function into account and use deconvolution [54]. Indeed, the active area of the pixel
is smaller than the pixel and each part of the pixel does not have the same responsivity. The
gray scale corresponds to intensity values.
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Figure 3.5 — (a) Reconstructed amplitude using 10 holograms (full FOV). (b) Crop of image
(a) (crop of ~0.1mm?). (c) Reconstructed amplitude using 1 hologram (crop of ~0.1mm?).
Reconstructed amplitude from HDR image using 10 holograms with different exposure time
(crop of ~0.1mm?).
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Chapter 3. Compact lensless subpixel resolution large field of view microscope

The noisy background that can be observed on the reconstructed image comes mainly from
two sources. The first one is the non-uniformity of the diffracted beam itself, especially
because of the substrate of the photopolymer used to fabricate the gratings (see 1.1.3). The
second is the twin image that creates unwanted diffraction patterns around the features.
Indeed, in in-line digital holography, the real and virtual images are superimposed with the
DC term in the spectrum of the hologram (see 1.1.2). Therefore, one image (real or virtual)
cannot be isolated before backpropagation. It is a well-known problem in in-line holography
and could be tackled using more image acquisition and processing [34-38,40, 105]. This is out
of the scope of this work, whose objective was to demonstrate pixel super resolution. However,
if the presented technique is combined with phase retrieval, the twin image problem can be
solved in the phase retrieval process [34, 35, 37,40].

Two USAF 1951 test targets were superimposed and imaged simultaneously. One was situated
at ~7mm from the camera and the second one at ~8mm from the camera. Since the samples
are highly absorbing, the smallest features were placed at different location on the camera in x
and y directions to avoid overlapping of large absorbing features. Figure 3.6 shows a sketch of
the experiment.
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Figure 3.6 — Sketch of the two superimposed sample experiment. Sample 2 is placed on top of
sample 1 and its smallest features are placed in order to avoid overlapping with large absorbing
features from sample 1.

A comparison between the resolutions of the reconstructed amplitude obtained with 10 sub-
pixel shifted holograms for both depth planes is shown in Figure 3.7. Since the subpixel shifts
depend on the distance between the sample and the camera, two sets of shifts were computed,
one per object-camera distance. The two reconstructions of the hologram were carried out
separately. Finally the reconstructed holograms were propagated with the corresponding
object-camera distance.
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Figure 3.7 — (a) Reconstructed amplitude using 10 holograms of the test target situated at ~7mm
from the camera. (b) Reconstructed amplitude using 10 holograms of the test target situated at
~8mm from the camera.

The same resolution is obtained for both targets. This resolution corresponds to the one
obtained with the same number of holograms and only one sample between the camera and
the prism (see Figure 3.5). It shows that resolution increase can be obtained on at different
depths of a sample.

49






Conclusion

In this thesis, three compact lensless digital holographic microscopes and a technique to
increase the lateral resolution in lensless compact microscopes were presented.

4.1 Summary of the results

4.1.1 Lensless in-line digital holographic microscope

A side illumination combining VCSELS, a prism and hologram gratings was developed to obtain
a 10mm height imaging device, which is almost one order of magnitude shorter than other
lensless imagers of comparable FOV. A new phase retrieval algorithm was also implemented
allowing the reconstruction of the phase from 9 in-line digital holograms. To demonstrate the
phase retrieval ability of the presented device, digital holograms of dried human epithelial
cells were recorded. The 9 digital holograms were recorded with 9 different illumination
directions obtained by illuminating the device using a VCSEL at 673nm as a readout source
for the analog hologram gratings. A phase image of the cells was recovered. To verify that the
retrieved phase is quantitative, control phase images from a commercial DHM were taken.
The computed heights were similar in both situations, proving the ability of the presented
imager to do quantitative phase retrieval. Finally, a resolution of ~4.92um over a ~17mm? FOV
was demonstrated.

4.1.2 Lensless off-axis digital holographic microscope

An illumination composed of a VCSEL, a prism and volume hologram gratings was built to
obtain a 5cm height quantitative phase microscope, which has a one order of magnitude
larger FOV than other off-axis compact DHM and is more than one order of magnitude more
compact than other off-axis transmission compact DHM. To demonstrate the phase retrieval
ability of the presented device, digital holograms of a 1951 USAF phase test target and dried
human epithelial cells were recorded. Phase images of the samples were reconstructed. To
verify that the retrieved phase is quantitative, control phase images from a commercial DHM
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were taken. The computed heights were similar in both measurements, proving the ability
of the presented device to do quantitative phase retrieval. Finally, a resolution of ~3.91um
over a ~12mm? FOV was demonstrated. The advantage of the off-axis technique is that only
one hologram is required to obtain a quantitative phase. The disadvantage is a less compact
design due to the requirement of obtaining an angle.

4.1.3 Subpixel resolution technique for lensless microscope

The presented device offers a large field of view of ~28mm? and a resolution of ~2.76um (4
more groups are resolved compare to a reconstruction with only one hologram on 1951 USAF
test target). The increase of resolution is obtained without any mechanical shifts and is using
a cheap and efficient light source. This technique could be combined with lensless digital
holography design, such as the one presented in this thesis, to also obtain the phase of the
sample with high resolution.

4.2 Future work
4.2.1 Lensless in-line digital holographic microscope

Phase retrieval algorithm

In order to reduce the artifacts and increase the phase accuracy of the reconstruction, a new
way of estimating the illumination in the phase retrieval algorithm is currently ongoing. In-
deed, in the presented results, the illumination was estimated by backpropagating background
images. A new approach is to take several background images at different z distances so the
complex field can be reconstructed using the same algorithm and used in the phase retrieval
process described in 2.1.3. Moreover, work on a new version of the photopolymer is considered
which does not have the type of non uniformities encountered in the samples I used in the
thesis.

Portable microscope

A VCSELs array is considered to replace the VCSEL on the translation stage in order to obtain a
hand-held version of the microscope without any mechanics. Each VCSEL will be switched on
one after another, which will correspond to one illumination direction at a time. The integra-
tion of all the components in a 3D printed box is ongoing with a user interface addressing the
different VCSELs and synchronizing with the image capture.
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New illumination source

The company L.E.S.S. SA proposes a ring-shape illumination source based on a side illumina-
tion that could replace the prism in this project. The ring shape allows to have the different
illumination directions needed and a more uniform illumination. However, as the light from
this device is broadband (white light) and incoherent, spatial filter and spectral filter will be
added between the ring light source and the sample in order to obtain enough spatial coher-
ence to create a digital hologram and wavelength diversity which helps in the reconstruction.
Figure 4.1 shows a sketch of the system.
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Camera
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Figure 4.1 — Sketch of the proposed compact lensless in-line digital holographic microscope
using a ring light source.

Multi-modal imaging

The presented microscope has a free visual access to the sample from the top which allows for
different imaging modalities at the same time, for example fluorescence imaging as depicted
in Figure 4.2.
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Figure 4.2 — Sketch of the proposed fluorescence compact lensless in-line digital holographic
microscope.
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4.2.2 Lensless off-axis digital holographic microscope
Resolution

A super-resolution version using the presented subpixel resolution technique is in progress. In
order to obtain a higher resolution, the angle between the two beams can be chosen to obtain
interference fringes smaller than the pixel size of the camera (larger angle). By using the sub-
pixel resolution technique, those fringes could be retrieved leading to an increase of resolution
and a more compact device. Another idea would be to multiplexed hologram gratings, as in
the presented in-line microscope but this time to obtain several off-axis digital holograms.
This would lead to the scanning of the Fourier space, hence an increase of resolution. This
was demonstrated by Dardikman et al. in [106].

Quasi-live imaging

Interfacing the device with KOALA software from LynceeTec is considered in order to be able
to see cellular processes, such as cellular differentiation, in quasi-live.

Multi-modal imaging

The presented off-axis DHM also has a free visual access to the sample from the top which
allows for different imaging modalities at the same time, such as photothermal imaging
demonstrated by Turko et al. [107].

4.2.3 Subpixel resolution technique for lensless microscope
Pixel super-resolution algorithm

The presented results were obtained using a pixel super-resolution algorithm that does not
include regularization. A new algorithm developed by Fournier et al. [108] that contains a
regularization step could be used to obtain results with less artifacts.

Quantitative phase imaging

The presented subpixel resolution technique combined with digital holographic microscopy
is in progress.

Dezoom

Perraut et al. [109] demonstrated a magnification smaller than 1 in lensless microscopy by
using a convergent illumination beam. This could be applied to the proposed device in order
to increase its FOV as depicted in Figure 4.3. The technique to increase the resolution could
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then be applied to obtain an ultra large FOV with subpixel resolution.

Prism ey Photopolymer
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Sample

Camera

\/
€ Focus

Figure 4.3 — Compact lensless ultra large field of view subpixel resolution microscope sketch.
The converging incident beam allows a magnification smaller than 1, hence an ultra large FOV.
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)N\ Phase calibration for the in-line mi-
croscope

To obtain a quantitative value of the reconstructed phase of the sample a calibration is nec-
essary. That was done by imaging dried human epithelial cells on microscope slides using a
commercial DHM from LynceeTec and the proposed in-line microscope. In order to compare
the thickness of the cells from both results and obtain a calibration curve, an image registra-
tion plugin for Image], Turboreg [110], was used to compare the exact same profile cuts from
the commercial DHM and the proposed device reconstructed phases. Figure A.1 shows the
calibration curves obtained.
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Figure A.1 - Calibration curve. Blue stars: measurements. Red: fitting curve.

The fitting curve is given by the following quadratic polynomial:
fx) = —2.0488x% +5.1445x — 1.1197 (A.1)

with a Root Mean Squared Error (RMSE) of 0.78 and a coefficient of determination (R%) of 0.79.
In order to check the validity of the calibration, cells in two different field of view of the same
sample were imaged and compared with DHM measurements. The reconstructed phase along
with profile plot are shown in Figure A.2.
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Appendix A. Phase calibration for the in-line microscope
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Figure A.2 - (a) and (c) Reconstructed phase with the proposed method from two different field
of views. (b) and (d) are the corresponding reconstructed phase from commercial DHM and 5x
objective.

Results from measurements of cells from another sample are represented in Figure A.3.
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Figure A.3 - (a) and (c) Reconstructed phase with the proposed method from two different
samples. (b) and (d) are the corresponding reconstructed phase from commercial DHM and 5x
objective.
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Some halos are visible around some cells. They are due to a noisy estimation of low fre-
quencies phase. Indeed, in-line holograms of phase objects cannot capture low frequency
phase information. This effect is also present in transport of intensity experiments that share
similar experimental conditions (i.e. sample-camera distance < 900um) [111,112] and other
quantitative phase imaging techniques [113, 114]. This can affect the results.
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