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Abstract

One of the main challenges in optical imaging is the development of microscopy
techniques able to observe fast dynamic processes, over a large field of view, at high
spatio-temporal resolution and over a long period of time. A microscopy technique
that exhibits these peculiarities is Light Sheet Fluorescence Microscopy (LSFM).
In this technique a fluorescent sample is illuminated by a thin “light sheet” that
can be created using a laser beam focused by cylindrical lens, and fluorescence
light emitted by the light sheet is collected by an objective lens in the direction
perpendicular to the illumination axis. A 3D reconstruction of the sample can be
achieved by translating the sample through the light sheet in the imaging cham-
ber.

The goal of this thesis work was to develop a light sheet microscope that could be
used to study mm-scaled objects, at high resolution, avoiding the need to translate
the sample in the imaging chamber.

In order to achieve these goals, first, a new microscope was constructed, incorpo-
rating a galvo-scanner to move the light sheet within the sample and an adaptive
(electrically tunable) lens to keep the image in focus on the detector.

Second, a software to control the instrument was fully developed (using Labview
code), able to trigger the scan of the galvo, the tunable lens and camera acquisi-
tion simultaneously. A state machine was implemented to run the software and to
provide the user with the ability to rapidly calibrate the setup and acquire a full
stack of images during the sample scan.

Finally, the system was validated using dilerknt reference targets, the specifica-
tions of the system were assessed and measurements of various fluorescent speci-
mens were performed, including Arabidopsis thaliana roots and Danio rerio (ze-
brafish), expressing fluorescent proteins in di[erent cellular compartments.



Sommario

Una delle principali sfide nell’imaging ottico é lo sviluppo di tecniche di micro-
scopia in grado di osservare processi dinamici veloci, in un ampio campo Visivo,
ad alta risoluzione temporale e per un lungo periodo di tempo. Una tecnica di
microscopia che mostra queste peculiarita € la microscopia di fluorescenza a foglio
di luce (in inglese LSFM). In questa tecnica, un campione fluorescente viene illu-
minato da un sottile "foglio di luce™, che puo essere prodotto facendo focalizzare
un fascio laser collimato da una lente cilindrica, mentre il segnale di fluorescenza
emesso dalla zona illuminata dal foglio di luce viene raccolta da una obiettivo
ottico in direzione perpendicolare all’asse di illuminazione. Una ricostruzione 3D
del campione puo essere quindi ottenuta traslando il campione stesso attraverso il
foglio di luce nella camera del campione.

L’obiettivo di questa di tesi e quello di sviluppare un microscopio a foglio di luce che
puo essere utilizzato per studiare oggetti su scala millimetrica, ad alta risoluzione,
evitando di traslare il campione nella camera del microscopio.

Per raggiungere questi obiettivi, in primo luogo, é stato costruito un nuovo ap-
parato, incorporando uno specchio galvanometrico per spostare il foglio di luce
all’interno del campione e una lente adattativa (tunabile elettricamente), per man-
tenere I'immagine a fuoco sul rivelatore.

In secondo luogo, un software per controllare lo strumento e stato completamente
sviluppato (in ambiente Labview), in grado di attivare contemporaneamente la
scansione dello specchio motorizzato, della lente tunabile e I’acquisizione del sen-
sore. |l software e stato implementato come una macchina a stati per fornire
all’'utente la possibilita di calibrare rapidamente il setup e acquisire una stack
completa di immagini durante la scansione del campione.

Infine, il sistema e stato avvalorato utilizzando diversi target ottici di riferimento,
sono state quindi valutate le specifiche del sistema e sono state eseguite misure



su diversi campioni fluorescenti, tra cui radici Arabidopsis thaliana e Danio rerio
(zebrafish), che esprimono proteine fluorescenti in diversi compartimenti cellulari.
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Chapter 1

Fundamentals

1.1 Fluorescence

It is called uorescence the emission of light by a molecule that has absorbed
electromagnetic radiation. In the vast majority of cases, the emitted light has

longer wavelength, therefore lower energy , than the absorbed radiation. In order
to describe this process in the simplest way, we rst consider a two level uorescent
molecule. When a wave is impinging on the system, the energy absorption rate is

determined by a namesake cross-section in the following way:
Wabs = absl | (1.2)

wherel; is the light intensity and s is function of the radiation wavelength. Af-
ter the energy absorption, not all of it is then released as uorescent radiation but
only a fraction according to the molecule radiative quantum yield}. As for the
absorption process, so for the uorescence emission we can write the relation be-
tween the emitted energy rate, the uorescence cross-section and the illumination
intensity:

We = ¢l (1.2)
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Figure 1.1: a) Two level system stimulated and spontaneous emission. b) Two
level system exhibiting non radiative decay and Stokes shift. ¢) Red shift in
uorescent molecules.

We can now relate 1.1 to 1.2 through the quantum yield of the process:

Wi = 1= G apsli (1.3)

So as it is suggested by eq. 1.3, the uorescence power should scale linearly
with illumination intensity, which is true only for low light intensities; therefore a
description that takes into account the internal dynamics of a uorescent molecules

is needed.

1.1.1 Two-level Molecule: Rate Equations

The simplest way of modelling a uorescent molecule is thinking of it as a two level-
system consisting of a ground statg and an excited statee, with E(e) E(g) =

E the two levels energy di erence, with E >> k g T,oom in order to ensure that
at room temperature the molecule for sure resides in the ground state. When
a molecule in the ground state is perturbed by an electromagnetic radiation of
energyh , with h being the Planck's constant and the radiation frequency, i

E = h the molecule can be promoted to the excited state by absorption of a
photon. Once in thee state, the molecule can then relax back to its former state
by emission of a photon of same energy as the one absorbed.
Let us now consider the time varying probability functions of nding a molecule

in either its ground or excited state,g(t) and e(t) respectively. It must hold, by
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conservation of probability that

g(t)+ e(t)=1: (1.4)

According to Einstein's equations [2] we can write the rate equations for the pre-

vious probabilities

dg(t de(t
W B g e+ ke (15)
where = absr']—‘ corresponds to the energy absorption rate given that the molecule

is in its ground state andk; is the so called radiative decay constant. While the
excitation rate is simply given by the parameter , the rate constant for the de-
cay back to the ground state involves two decay channels with di erent rates :
and k;. the rst of these parameters depends on the illumination intensity and is
referred to as stimulated; the latter, which is not dependent on the illumination
intensity, is referred to as spontaneous. This radiative decay is what is called

uorescence.

A molecule behaving as a perfect two level system is an oversimpli cation. A real
molecule in solution in fact possesses many vibrational and rotational sublevels
that spread the electronic energy level into a multivel structured band. Therefore,
a molecule promoted from a ground energy state to an excited state is possible
with an impinging radiation of energy spread over an extended energy range, with
an e ciency characterized by s, that is as said before strongly dependent on the
radiation wavelength. Once promoted, the molecule relaxes very quickly to the
bottom of the excited state band due to collisions with the environment; usually
this relaxation is so rapid (LO 1° seconds) that there is no possibility for stimulated

emission to happen [3].

We mentioned before that the molecular environment plays some role in molecule
relaxation: in fact it introduces another decay channel to the ground state band [4].
This new decay channel, unlike the one we have treated so far, it is nonradiative

and it is characterized by the ratek,, . Keeping this in mind and consideringy(t)
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and e(t) as instantaneous probability of nding a molecule in the ground or excited

bandrespectively, then eq. 1.5 becomes

?9: dijz g (1) + (ke + knr)e(t) (1.6)

which is still satisfying the conservation of probability. The di erence with eq.
1.5 is that now the excitation energy di ers from the emission energy. The energy
balance is lost due to the heat exchange with the molecular environment. This loss
of energy is translated in a red shift of the uorescence spectrum with respect to the
absorption spectrum, known as Stoke shift. This shift turns out to be convenient
in imaging applications since one can easily separate the two light component by

the simple mean of spectral lItering.

Since we have introduced a non radiative decay channel, what is called quantum

yield is now de ned as
kr
kr + knr

g = (1.7)

giving the probability of radiative emission and therefore a uorescent transition.
We can now de ne a new quantity namedadiativelifetime , which corresponds

to the average lifetime of a molecule in the excited state.

(1.8)

From 1.6 the molecule is found in its excited state at = 0, while fort 0 the
probability for it to be still in the excited state is given a Poissonian probability
distribution e [1]. Keeping the excitation rate constant with time, then the
steady state solution of 1.6 is

- — e .
S E N .

from which we can easily derive the steady-state emission rate after the molecule

is illuminated with radiation at frequency

ko hei (1.10)
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Both quantities of 1.10 consist of a number of photons per second.
Let us now compare 1.2 to 1.10, the latter is more precise than the rst since it
also takes into account the red shift. Writing = absh'—ii, with the subscript i
standing for illumination, given the condition ki + Ky i.e. low illumination
intensity, 1.2 becomes

Wi =(—fi)0r absli = ¢l (1.11)

Finally, it is worth mentioning that 1.10 includes the possibility of a non linear
relation betweenW; and I; therefore in the high illumination intensity limit; so

that for ki + knr, W tends to h ¢ k; instead of being unbounded.

1.1.2 Three-level Molecule: Triplet State

A rst step towards real molecules energy dynamics consist in introducing an
intermediate state band, called triplet state. This triplet state is most likely to be

not luminous but gives the molecule an alternative path to relax from the excited
state as shown in Fig. 1.2. Thdsc subscript stands for intersystem crossing,
indicating the transition from the excited state, to a level of lower energy (the
triplet state) which is not the ground state. Thanks to Quantum mechanics one
can derive the probability of intersystem transition, probability that happens to

be quite small, usually less than one percent.

Figure 1.2: Three-level molecule energy diagram.

Nevertheless, despite such a low probability, the triplet state can critically a ect

uorescence imaging performances.
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How does this triplet state modify the transition dynamics in between the energy

level of a molecule?

0 1 0 10 1 0 1
g K+ Knr kt g g

d

a%egzg (ke + Knr + Kisc) O %%e§=l\ﬂ%e§ (1.12)
t 0 K¢ t t

kisc

with t being the instantaneous probability of nding a molecule in the triplet state,
kisc being the intersystem crossing rate constant, ark] the triplet state decay rate
constant. The fact that we are dealing with a molecule that can reside in only one
of the three bands involved is re ected inDet[M = 0].

Similarly to what we have done for the two-level system, we can de ne a new

guantum yield
Kr

= ; 1.13
& I(r + knr + kisc ( )
a new lifetime
1
= ; 1.14
¢ kr + knr + kisc’ ( )
an intersystem crossing quantum yield parameter
kisc
= ; 1.15
fse kr + knr + kisc ( )
and a triplet state lifetime
1
= —: 1.16
i (1.16)

From what has been stated above, it follows that the more infrequent the transition
from the excited to the triplet state, the longer the molecule remains trapped in the

t state and therefore at low excitation rates (e.g. k;, the uorescence intensity
reduction caused by intersystem crossing is quite negligible; however, at very high

excitation rates, the maximum uorescence reduction factor ikei/ (hei + hti).

Most likely, the decay of a molecule from the triplet state to the ground state
is nonradiative, in the rare case where it produces light, the radiation emitted

takes the name ofphosphorescence It follows that a rst di erence between
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fluorescence and phosphorescences the state from which radiation is emitted:

the excited state for the rst, the triplet state for the latter.

1.1.3 Photobleaching

Once a molecule is removed from its singlet manifold due to intersystem crossing,
it is not able to radiatively emit. However this removal from the excited singlet
state is not permanent and it only lasts on average the duration of the triplet state
lifetime given by eq. 1.16. When one wants to exploit imaging using uorescence,
aside intersystem crossing he also has to face another, tedious problem which per-
manently removes the molecule from its singlet manifold: photobleaching. The
physical explanation of photobleaching varies from molecule to molecule and it is

strongly dependent on the molecular environment. We take into account the pos-

Figure 1.3: Energy diagram for a three-level system with photobleaching

sibility of permanent photobleaching by introducing two non radiative pathways
from the excited and the ground state to the photobleached stath with rate

respectivelyke, and ky,. Then again upgrading equation 1.12 we obtain

0 1 O 10 1 0 1
g g (kr + Knr) kt g g
a%egzg (kr+knr+kisc+keb) 0 %%e;zhﬂ%egi
t 0 kisc (kt + ktb) t t
(1.17)
We are now dealing with an open system (due to the photobleached state) and

thereforeDet[M ] 6 0. In nature many physical mechanism are known to somehow
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a ect (most likely to decrease) the light emitted by a uorescent molecule. This
phenomena, such as uorescence resonant energy transfer or intersystem crossing
are two of these mechanisms but are relatively well understood. Photobleaching in
fact has still many questions to be answered but from experimental observations
it is clear how the decreasing number of photons emitted by a uorescent molecule
depends both on the energy level and rate coe cients of the molecule itself and on
its environment. With environment it has to be pointed out that also an overex-
posure to laser radiation of the sample may end up in a smaller uorescence yield
that is permanent. Many ways of reducing photobleaching have been proposed,
such as using a two photons excitation or lowering the intensity of the excitation
beam but all of these are likely to end up in a reduction of the uorescence signal

itself.

1.2 Optics and Theory

1.2.1 Fundamentals

It is well known that the resolution of an optical imaging system such as cameras or
microscopes is limited by di raction. This limit takes name after Ernst Karl Abbe
which stated that an optical system characterized by a givemumerical aperture NA

and working at a certain wavelength cannot resolve two light sources closer than

The numerical aperture of an optical system is a measure of its ability to gather
light and resolve ne specimen detail at a xed object distance and it is equal to
NA = n sen( ), with n being the refractive index of the medium in which light
propagates and being the half numerical aperture of the system, as shown in
Fig. 1.4.

From this picture we can see that every non ideal imaging system will not col-

lect light rays outside the angular sector de ned by . Let us now consider an
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Figure 1.4: Numerical Aperture of an optical system

electromagnetic wave propagating in a medium of refractive index this wave is
characterized as a eldE (¥;t) that varies in space and time; therefore we can turn
these variations into spatial frequencies and temporal frequencies, respectively.
Using the conventions adopted in [1], we can relate the quantities mentioned before
in 7

E(rt)=  E(; )é2(r Y (1.19)

Z
E(rt)= E(rt)e 207 Dt (1.20)

Where we will address tde(; ) asradiant eldand =( ; y; ;) will be called
wave vector. We highlight the relationk =2 . To each temporal frequency
is associated a wave number de ned as = ¢ , with ¢ being the speed of light

in the free space¢=3:0 10P°m=s); we can also de ne an associated wavelength

=n

To image an object means that a two dimensional plane (called object plane) is

mapped onto a plane with the same characteristics and therefore called image
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plane. Due to the symmetry of an imaging process, it is easier to consider
(x;y;z) =( ;z), with lying in a 2D plane. We can now rewrite equations 1.19
and 1.20 in function of the only

Z
E()= E(»)* *d, (1.21)

Z
E(-,)= E()e'? 7 o (1.22)

Where it holds the energy-momentum relation
(2.23)

given that
=( x+ y* 2)=( 2+ ) (1.24)

The full wave vector representation of the radiant eld in three dimensions, also
presented in [5], is de ned by a 3D Fourier transform as follows

ZZ
E( 2; 2)= E(;z)e'? 7 e'? %d?dz (1.25)

where the radiant eld in three dimensions is related to the eld on a given plane

by
E( 2, Z): E( ?) 2 2? (126)

with the eld traveling in the positive z direction only.
What does it mean for a eld to propagate? How does it change with space and
time? The spatiotemporal evolution of an electric eldE,(¥;t) is determined by
the Maxwell's equations. Applying these equations to a single eld component,
we obtain a time-dependent, inhomogeneous scalar wave equation

, @

Ee; E(xt)= S(xt) (2.27)

r

with S(¥;t) standing for the light source term. From eq. 1.27, one can retrieve the

spatial and temporal evolution solving it with the proper source term and proper
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boundary conditions.

1.2.2 Optical functions

In this paragraph, functions will be introduced that may be useful to understand
the performances of an optical system. The rst function we are going through
is the so calledCoherent Spread Function (CSF). As anticipated before, real
optical systems introduce non idealities that have to be taken into account. The
pupil function P(r) is a mathematical tool that characterizes not only the lens
size but also the deviation from the ideal phase transmission. The pupil function
or aperture function describes how a wave is a ected once transmitted through an
optical imaging system such as a microscope, a camera or the human eye. More
speci cally, it is a complex function of the position in the aperture that indicates
the relative change in amplitude and phase of the wave itself. For example, a
simple pupil function could be

8

21 inside the lens aperture
POy)= (1.28)

-0 otherwise

Its Fourier transform is de ned as follows

zZ
P(,)= P()e'? » d? (1.29)

being the lateral coordinates in the lens plane. At this point we want to image
our object plane and characterize the performance of our imaging system which
will be depending both on the system itself and on the pupil function. Let we
consider the case of a single lens imaging as depicted in Fig. 1.5. It is well known

that the general eld transfer through a lens is represented by

(1.30)
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Figure 1.5: Imaging by a lens of focal f

being sy and s; the object and the image plane distances from the lens axis and
f its focal length. Unfortunately, despite being achievable ideally, perfect imaging
with a single lens cannot be performed in reality due to its nite radius.
We can simplify our approach by introducing the well known Fresnel approxi-
mation, which nds its importance when considering the electric eld di raction
pattern integral: 7

E(:z)= iE E( 0;0€2R d? ¢ (1.31)

Anyway, analytically solving this integral happens to be di cult because of the
presence of the R variable in the exponential. We can consider a shift of the

variable , determined by
2= (x x0)?+(y Yo (1.32)

For geometrical reason, it is straight forward that

r—
P
R = 2+ 72=72 1+(E)2; (2.33)

now, thanks to Taylor expansion we obtain:

r
P—— 1 1
= 2 2 = )2 = ~(_\2 —(_\4 PR
R +2z22=12 1+(Z) z 1+ 2(Z) 8(Z) +ng (1.34)



Fundamentals 13

further, considering 82—43 2 , we can get

4
— 8z (1.35)

which is called Fresnel Approximation. Along with the nite radius, Fresnel ap-
proximation also plays a role in single lens imaging due to the fact that perfect

imaging implies to be in the Fresnel regime, as shown in [6].

Figure 1.6: 4f con guration

That is why it is going to be considered the case where an imaging system with
two lenses of focaf, and f; are such that the distance between their main planes
isfo+ fq, as shown in Fig. 1.6.

With this in mind, we call Coherent spread function the quantity

Z

CSF()= 2 P()e'?n & (1.36)

Combining equation 1.29 with 1.36 we nally obtain the relation between the CSF

and the Fourier transform of the pupil function

0 0

From a simple comparison with 1.29, it is clear how the CSF is nothing more than

a scaled version of the Fourier transform of the Pupil function.
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Starting with 1.36 and applying a Fourier transform, another important optical

functions is derived

Z
CTF( ,)= CSF()e'? 7 ¢? (1.38)

referred to as the coherent transfer function (CTF). Again it easy to infer how

CTF is simply a scaled version of the Pupil function.

CTF( »,)=P fo . (1.39)

Thanks to all of what it has been de ned up to now, two of the most important
functions in incoherent imaging theory can be introduced, the Point Spread Func-
tion and its Fourier transform, the Optical Transfer Function.

The rst is analytically de ned as

R ICSFO)i* .
jCSF( )j2d?

PSF( )= (1.40)

while a further excursus on the coordinate system is needed before showing the
expression of the latter. The OTF is in fact easier to comprehend if we put
ourselves in a two dimensional plane, as the one depicted in Fig. 1.7. We have
two points determined by the two vectors and °departing from the same origin,

now we can de ne new coordinates in the following way:
1
o= 5+ 9; (1.41)

a= + ° (1.42)

Respectively, ¢ and ¢4 denote the mean and the dierence vector between a
pair of point pointed by and % We nally have all of what it is needed to

mathematically de ne the Optical Transfer Function of a system:

R 1 1 2
CTF( 2ch 3 2d)CTF (2¢  3) 240" 24

OTF( 2= ICTRC 2P o

(1.43)
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Figure 1.7: Coordinate system used for OTF de nition.

1.2.3 Circular Pupil

In this section, we are going to exploit the concept introduced in the section 1.2.2
in order to examine the imaging performance of a system with an unobstructed
circular aperture pupil. For this kind of aperture of given radiusa, the pupil

function is written as

8

S 1 a
P()= S (1.44)

-0 otherwise

Thanks to equation 1.39 we can derive the coherent spread function right away

8
21 > 3 40

CTF( )= (1.45)
- 0 2> 3 20

where it has been taken into account the full span of,, which is found to be:

g =2 = 0: (146)

a
fo
Once obtained the Coherent Transfer function, one can retrieve the Coherent

Spread function associated with the imaging system by simply applying a Fourier



Fundamentals 16

transform to eq. 1.45; this gives as result:
CSF()= 7 2odinc (- 20 ): (1.47)

For the expression of the Coherent Spread function it has been used tjiec

function, which is de ned as

jinc2 , )= M (1.48)
2 )
What has been called); in eq. 1.48 is the rst order cylindrical Bessel function;
with Bessel function one means all of the canonical solution of the Bessel's di er-
ential equation, from which they are named after. An integral representation of
this family of cylindrical functions is foung in equation 1.49, where n is an integer

parameter also called order of the function

z
1

Jn(x) = cogn  xsin( ))d: (1.49)

0

Now, with the help of de nition 1.40 and the Parseval's theorem, it is easy to
retrieve the PSF for a 4f imaging system. In particular, Parseval's theorem states
that the sum of the squares of the Fourier coe cients of a function equals the
integral of the function itself squared. It means that in one dimension, for a
function f 2 L?(Re) it is true that

YA 1 VA 1
jF (X)j%dx = iF ( X)i%d x: (1.50)

1 1

With this in mind, equation 1.40 can be modi ed as follows

Z Z A

JCSF()j*d® = JCSF( »)j*d® - = fo PO’ = 2 o (151)

where o is the pupil solid angle referred to the object plane in the case of a

circular pupil 7
1
07§

2

PO = 0 (1.52)

2
0
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Further, the de nitions for PSF and OTF can be recast in a simpler form

1
PSF()= — (1.53)
0
and
Z
1 1 1,
OTF( 2d)= — CTF( ¢+ > 2d)CTF ( 2 > 20)d° 2 (1.54)
0

Finally, using equations 1.47 and 1.53 these last two equalities become
PSF()= g 2oJinc?( 20) (1.55)

and

? ? ? ’ 0
OTF( 2)= _ 70 & 70 (1.56)

These last two imaging functions together with the CTF and the CSF presented
in equations 1.45 and 1.47 respectively and their mutual relations are shown in
Fig. 1.8. Due to its de nition, it is clear how the Optical Transfer Function has

a frequency support twice as large as that of the Coherent Transfer Function;
however OTF response is not constant over its larger bandwidth, in particular
lower spatial frequencies are more e ciently transferred by the system to the
image plane than higher , values. The well known Point Spread Function Full
Width at Half Maximum is de ned to be

= —; 1.57
° = SNAq (1.57)

as already anticipated in 1.2.1. This leads to
ﬁNAS = o= Z 2?0 ; (158)

which links the spatial frequencies resolution to the pupil solid angle referred to

the object plane.
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Figure 1.8: Basic imaging functions for a pupil of circular aperture [1]

1.2.4 Hequency Support

Up to this section, only a separated representation of elds given from Fourier
Transform has been considered. What is calleshgular Spectrum representation,
i.e. the full wavevector picture of radiant elds is on the other hand de ned by a

three dimensional Fourier Transform

7
E( »; 2)= E(;z)e '? 2d?dz; (1.59)

provided that

E(-; 2)=E(-2) 2

N

(1.60)

with the z component of the vector being limited by eq. 1.23 and with elds
traveling only towards the positive z direction.
A de nition for the full vector representation of the Coherent Spread Function can

be given in an analogous way

CTF( »; ;)= CTF( ») 2 2z (1.61)

Taking a look at the de nition of the CTF full vectorial representation, the delta

function (and in particular its argument) de nes regions of the support for ,,
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Figure 1.9: Frequency Support for the Coherent Spread Function from energy
momentum relation

which can be represented thanks to the so called Ewald sphere. In Fig. 1.9 we see
how, at a given angular interval , it corresponds to a spatial frequency interval
both for the z and the radial direction. These intervals are equal to
r 1

NA? NA?2

1 1 ! 1.62
n2 2n ( )

n

;= Coq ):

and
2NA

=2 sin( )= — (1.63)
respectively; with NA being the numerical aperture of the optical system, the
radiation wavelength, n the medium refractive index and the angle spanned by
the aperture. As a further remark, the nal step in eq. 1.62 has been performed
NA

2 . .
-z ratio is much smaller than 1.

Let us now consider an incoherent intensity imaging system, all of what has been

thanks to the assumption that the

said in three dimensions for the Coherent Spread Function, can be extended to the

Optical Transfer Function, de ned in the case of a circular pupil as displayed in eq.

1.56. Up to know, except for the energy-momentum relation, no other constraint

was imposed on the spatial frequencies; here we put ourselves in the case where
2 2 also know as Fresnel approximation, such that it is possible to consider

valid the substitution

DN

(1.64)
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With all this in mind, it is easy to nd that

Z
1 1 1 1
OTF( »; )= - CTK( ’?c+§ 2)CTF ( 2 5 2) (2t = 2c o) oc

(1.65)
Where again the delta function dictates the support region for, but with a
signi cant di erence: for the OTF support is no longer as strictly de ned as it
was for the CTF support since , can in principle span a wider range of value for a
given spatial frequency - . Let us now demonstrate this last statement. From the
de nition of the circular Coherent Transfer Function, it can be easily estimated

the maximum value of the dot product . -

1

J 2¢ 2Jmax = > 2( 2 2); (1.66)
as well as the upper bound o ,j
. ?
d=50 2 2) (1.67)

In Fig. 1.10 it is shown an illustration of the supported values of the axial spatial
frequencies as function of the radial spatial frequencies in the 3 dimensions. From a
geometrical consideration, the full angle that encloses all of the frequency support
is

=7, (1.68)

whereas in Fig. 1.10 it is highlighted its half. This angular interval corresponds
to the imaging optics collection angle, so that its complementary is the so called
"missing cone”, indicating the spatial frequencies components that cannot be im-
aged at all; the larger this cone, the narrower the imaging bandwidth. The exis-
tence of this missing cone of spatial frequencies is the reason why a 4f wide eld
microscope is unable to image di erent planes deep in a thick sample. Optical
sectioning however, can be exploited in many di erent techniques and with di er-
ent optical setups, among which "Selective Plane lllumination Microscopy" will

be analyzed in the following section.
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Figure 1.10: 3D Frequency Support of a circular pupil OTF within the Fresnel
approximation

1.3 Selective Plane lllumination Microscopy

1.3.1 Introduction

After its birth in 2004 [7], selective plane illumination microscopy (SPIM) or light-
sheet uorescence microscopy (LSFM) has been proved to have very interesting
in vivo imaging properties also in large samples over extended time periods and
easy way of handling these samples, making this technique a powerful tool to
investigate a various range of phenomena both in single cell samples [8] and entire
organisms [9]. This paragraph aims to introduce the working principle of the single
plane illumination microscopy and why one should prefer this technigue among
others. To exploit this, a quantitative analysis of optical performances will be

given together with LSFM intrinsic advantages in analyzing in vivo specimens.
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1.3.2 Working Principles

One of the main di erences that stand out when comparing a LSFM optical setup
or a conventional epi uorescence microscope (confocal or multiphoton) is the ab-
sence of overlapping of the illumination and detection paths. In fact, a setup for
LSFM is of the kind depicted in Fig. 1.11: two objectives are placed orthogonally
to each other so that the sample chamber is centered with respect to the illumina-
tion and detection path. Single Plane lllumination Microscopy also implies that
uorescence is only excited on a narrow sheet of light coming from the cylindrical
lens; this is a major di erence with wide eld microscopy or confocal microscopy,
where the sample was entirely illuminated or point-by-point scanned. The light
sheet illumination is such that the detection eld of view is entirely illuminated
as the same time; this, together with the use of a fast camera (hundreds of frames

per second), ends up with large volumes fast scanning.

1.3.3 Optical and speed performances

In this section, mechanical and optical performances will be analyzed to give the
reader an overall picture of what are the potentiality of the single illumination
plane microscopy. Thanks to the separation of the illumination and the detection
optical paths, higher imaging speeds can be achieved with respect to setup like
1.11, setup A). As shown in [10], for a sample of roughly 1 mm of volume, with a
camera exposure time of 50 ms and with 500 planes recorded, the time taken for
such a measure would be of 1us/pixel, against the 20-30us/pixel achieved with a
confocal approach to the same sample, obtaining a factor of 20 in the acquisition
speed. For what said above, the LSFM is excellent at recording the activity of
large biological samples with frequent time acquisitions. Let us now focus on the
optical achievement of light sheet microscopy. Since this technique does not need
in its simplest implementation anything more than a regular wide eld setup (Fig.
1.11), the lateral resolution will be the same as wide eld microscopy, which is

given by Abbe diraction limit daerar = 0:555, as already discussed in section
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Figure 1.11: (A) In a conventional epi uorescence microscope the laser source
provides radiation at a given wavelength (blue in gure, this radiation is then
re ected by a dichroic mirror into the rear of the objective which focuses the light
onto the specimen. The illumination radiation excites the uorophores of the
sample so that uorescence radiation is emitted at a lower energy (red in gure).
Once the radiation is trasmitted by the dichroic mirror, it is focused by the tube
lens onto the detector with the purpose of forming a point image. In front of
the point detector, a pinhole is placed in order to prevent scattered light from
non in focus planes to be imaged. (B) In the second part of the picture a simple
SPIM setup is shown. The rst di erence with an epi uorescence setup is the
presence of a cylindrical lens used to form a light-sheet in the back focal plane of
the detection objective. The illumination sheet impinges on the specimen that
responds to excitation with the emission of uorescence. The uorescence signal
is spectrally separated from the laser light with the help of a Iter for than being
focused by a tube lens onto the area detector.

1.2.1. Let us now consider how optical sectioning is performed: for LSFM this is
performed solely thanks to plane illumination exciting the uorophores exclusively

in the back focal plane of the detection objective; while for confocal case this was
done only with the pinhole placed in front of the detector. Let us take now the case
where the laser beam has a Gaussian shape as the one displayed in picture 1.13,
this is in fact the most common intensity pro le in the direction perpendicular

to the propagation axis. The functionw(z) which gives half of the thickness in

function of the distance from the minimum waist point, it can be expressed as
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Figure 1.12: Focusing of illumination light in a) confocal microscopy and b)
light sheet microscopy [9]

Figure 1.13: Gaussian beam width w(z) as a function of the distance z along
the beam pro le.

follows: S

w(z)=wy 1+ z (1.69)
ZR

Where zg is the so called Rayleigh range and it can be calculated once knowing

the waist sizew, and the wavelength thanks to the following relation

‘OI\)

ZR = ; (2.70)

holding for in vacuum beam propagation and beam waist being expressed as follows

. 171
o oNAL (1.71)
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From the analysis made in the previous sections, a possible resolution improvement
could be determined by a reduction in the beam pro le, since the total PSF is
determined by the multiplication of the illumination pro le with the detection
PSF. It has to be kept in mind that the smaller the waist minimum, the faster the
beam will diverge respect to the z axis, making the light sheet crafting critical to
the requested performances to the system. Usually eq. 1.70 is taken as a resolution
criterion for an optical system since it de nes the excited part of the sample that

is imaged by a general detection scheme. That is why it is often compared to the

axial resolution of the illumination system, so that

n
R — (1.72)
NAZ

Since the optical sectioning is done thanks to the light sheet, it is straight forward
that its thickness is responsible for the axial resolution. This intrinsic optical sec-
tioning is re ected in the fact that for SPIM a better axial resolution is achieved
with respect to wide eld microscopy [11]. On top of that, SPIM gives the pos-
sibility of merging di erent images of the same part of the sample but with light
coming from di erent direction, further improving the wide eld axial resolution.

A nal remark is made for the signal to noise ratio in LSFM: due to larger amount

of photons available in fact it has been demonstrated that a contrast of one order of
magnitude better can be achieved with reference to confocal-scanning microscopy
[12].

1.3.4 Light-sheet engineering

A big challenge in selective illumination plane microscopy is to achieve a high axial
resolution imaging over a large eld of view. As it was previously said, the overall

system point spread function is given by the overlap between the illumination and

the detection PSF, therefore a better axial resolution can be obtained by increas-
ing the axial con nement of the light sheet. The fact that high NA Gaussian

beams rapidly diverge away from the propagation axis however limits the axial



Fundamentals 26

resolution to a best of 1 m ; such a resolution can be adequate for imaging at a
cellular scale level, but it can be a bottleneck in subcellular analysis in a large eld
of view. Several solutions to overcome this limit has been proposed, all of them
using non-di racting beam modes, such as Bessel beams, whose amplitude pro le
is described by Bessel function of the rst kind. The peculiarity of non-di racting
beams is that they maintain a constant beam minimum waist over several Rayleigh
length with respect to a Gaussian beam at the same NA.

A question may rise: how do the side lobes of the Bessel beam a ect the imaging
capability? Of course side illumination compromises optical sectioning, degrad-
ing contrast and overexposing the sample to radiation that is not needed, having
the chance of permanently damaging the sample. A solution can be found for
example in two-photon illumination, with the main drawback of increasing photo-
bleaching due to the additional exposure or to pulsed light excitation [13]; another
solution can be found by the mean of multiple Bessel beams in parallel, with a
consequent reduction in each beam peak intensity, further decreasing the hazard
of photodamage. Aside Bessel beams, in principle one can use the so called Airy
mode, a propagation mode that has been is characterized by a thinner light sheet
over a larger eld of view with respect to Gaussian beams at comparable NA, the
main drawback in this illumination techinique does not surface so much in optical
hardware complications but rather in an increased data reconstruction, together
with the need for the side lobes to remain in focus. Alongside the non-di ractive
beam approach, both high axial resolution and large eld of view can be obtained
using a moderate NA Gaussian beam along the z-axis, given that lower NA beams
imply than several planes are in focus at a given time. Again, illuminating such a
large region might result in unnecessary photodamage to the sample. The last ap-
proach that is presented in this section is the one involving molecular dark states
to produce thin, propagating invariant light sheets. To illustrate this process, let
us now consider a stimulated emission depletion microscopy (STED), in which
the di raction limit is bypassed thanks to the nonlinear relationship that occurs
between the intensity of the illumination light and uorescence signal. The STED

beam depletes the uorescent state of the molecule in every part of the focus region
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through stimulated emission (SE), except at the zero intensity point and its nearby,
con ning the spatial molecular excitation zone and hence uorescence radiation.
The depletion is achieved through stimulated emission while the saturation of this
transition gives rise to the non-linear response allowing the manipulation of the
e ective uorescent spot shape and size beyond the Abbe limit. Similarly for light
sheet uorescence microscopy one can exceed the resolution limit given that the
degree of parallelization, i.e. the number of beams impinging on the sample at a
time, limits the number of axes on which super-resolution can be achieved. De-
spite the similar approach, STED and SPIM does not require the same amount of
power to be working, in fact ligh sheet uorescence microscopy needs much lower
beam intensities. This lower need for energy re ects in molecular states design, in
fact lower energies imply slower switching time, which is more suitable in an in-
vivo context. This approach led to a resulting super-resolved light sheet activable

region from 5 to 12 times better that the di raction limited [14].

1.3.5 Fast volume imaging

One of the main attributes of light uorescence microscopy is speed. In fact,
together a modern sensor (like sSCMOS cameras) it can end up with an imaging
rate of several hundreds frames per second. With this in mind, volumetric scanning
rates of some Hz are optically achievable, but then a problem arise: together
with image acquisition, a mechanical movement of the sample is also needed,;
this mechanical movement results in a shocking event for the sample, making the
displacement of the latter a limiting factor in acquisition speed. This is one of
the main challenges in selective plane microscopy and it is one of the reason of
this whole work: a fully working fast selective plane illumination microscope, with
scanning performed with the mean of dynamic elements such as galvanometric
mirrors and adaptive optics, which does not require any sample movement. For
this reason, a novel approach to the problem is to insert an electrically tunable
lens into light detection path, such to make it possible to image di erent object

planes in a well determined range [15]. This need for an adaptive element to
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reposition the object plane comes after the limitation in depth of eld (DOF)and
low NA illumination. Di erent approaches can be followed to extend the DOF,
for example by introducing a known phase shift in the detection PSF at the back
focal plane of the detection objective lens through deformable mirrors. Instead of
using a phase mask to extend to depth of eld, the latter can also be performed
through the spherical aberrations introduced by SPED microscopy like shown by

Tomer et al. [16].

Figure 1.14: a) Generic illumination and detection scheme for light sheet

imaging. In the extended DOF obtained through an electrotunable lens and a

galvanometric mirror, imaging is performed by defocusing of the adaptable lens.

b) Phase coding in order to modify DOF thanks to di erent media with di erent
refraction index, nq; ny respectively, with n, >n 1

Instead of performing imaging directly into the sample immersed in a medium with
properly corrected immersion objectives, as depicted in g. 1.14 is shown how DOF
extension can be exploited also providing a di erent optical path length through
the immersion medium to produce a deeper focus plane for highly inclined rays.
As the reader may expect, a larger mismatch between the two media refractive
indices results on one hand in a larger DOF extension while on the other hand it
worsens aberrations at the media interface. So far, the DOF extensions approaches
to LSFM can be summed up as a trade o between optical e ciency and exibility.

A nal remark is worth to be made on the drawbacks of defocus-based methods, for
this techniques in fact detection point spread function is delocalised along to light
propagation axis, therefore optical e ciency is drastically reduced; furthermore,
the larger the extension in the DOF, the more spatial frequencies information is

lost, in particular the ones corresponding to higher divergence rays, resulting in a
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loss of resolution.

Due to its characteristics, a SPIM microscope exploiting an augmented depth
of eld through rotating mirrors and adaptive lenses is ideal to perform in vivo
imaging, since this technique o ers good optical sectioning properties, low photo-
toxicity for the sample and high achievable image acquisition speed; furthermore,
due to the exibility of a standard SPIM setup, multichannel acquisition is also
easy to be implemented. This is why to the goal of this thesis project, a Light
Sheet Fluorescence Microscopy setup is implemented (as the one presented in [15])
and a software is written to synchronize the operations of the dynamic elements,
to nally acquire frames of living samples to analyze and then extract the system

imaging properties.



Chapter 2

Optical design and implementation

In this chapter the structure of the developed microscope, following the general
Light Sheet Fluorescence Microscopy scheme given in the previous chapter. In
rst place, the setup will be broken up into three parts: bright eld illumination,
uorescence excitation path and detection; for each of these parts it will be shown
both the concept of the path standalone and the part inserted in the whole struc-
ture, and how each setup section is placed on the optical table. After this part, a
nal section is given, to show how the single optical component, together with the
CCD sensor, a ects the imaging capability of the system, exploiting the concept
of numerical aperture and frequency support of an optical element seen in the

previous chapter.

2.1 Optical Design

2.1.1 Bright Field Illumination

It is called bright illumination an illumination path such that it allows a rapid
inspection of a large part of the sample minimizing the damage induced by light;
in fact, bright eld light sources are way less powerful than laser sources implied

in uorescence microscopy for example, permitting long exposure. In this project,

30
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bright eld illumination is exploited in order to facilitate sample positioning in the
microscope chamber, task that would be extremely tedious relying only on a uo-
rescence signal excited on a single plane. Bright eld illumination systems usually
share optics with the excitation path of the microscope, whereas in this project
the two parties do not share anything except for the sample [17]. Furthermore,
this kind of illumination implies the use of telecentric optics, in which the light
from the source is collimated and another requirement for it is to be transmitted
as uniform as possible over the larger part of the sample achievable. In bright
eld illumination, the light source (a LED for example) is usually positioned in

a sensor conjugated plane lying on the optical axis before or below the sample.
Light then impinges and propagates through the sample, for then being collected
by an appropriate imaging lens and an imaging sensor (a CCD sensor for exam-
ple). Therefore, the image formed is thanks to light transmission, that is why the
darker the sample, the denser it happens to be, due to the simple fact that denser
specimens, due to Lambert-Beer law, absorb more light [18].

As suggested by [1], it is presented the so called Kdhler illumination, which is the

type of illuminator which has been in point of fact assembled.

2.1.2 Kohler lllumination

A Kohler illuminator has been assembled as bright eld illuminator. To belong to
this class of setup, an illumination system must be such that the source plane is a

Fourier plane with respect to the sample plane as shown in Fig. 2.1.

By convention, each of these three lenses can be referred to with a proper name,
in particular they are called collector lens, for the lens which is the closest to the
lamp ; base lens for the lens that stands in an intermediate position between light
source and samplef(ase); condenser lens, which converges light onto the sample
(f cong)- In the majority of cases, the illuminated area on the sample is determined
by either a eld stop or by the base lens diameter; at a practical level, the former
is the most implemented since it is much more exible in term of illumination

area setting. Furthermore, in order to maintain a known magni cation of the
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Figure 2.1: Kohler illumination standard setup. Same symbols indicates con-
jugated planes.

illumination beam equal toM = ffb—d the condeser and the base lenses are
arranged in a 4f con guration, such that the aperture stop is found to be at the
Fourier plane of both base lens and condenser lens, in a plane usually referred to
as the back focal plane of the condenser lens.

For the sake of simplicity, for an analysis of the setup in Fig. 2.1, the whole
system will be divided into a series of three smaller parts, that are, starting from
the source: a single lens (collector lens) with a eld stop, a 2f system in between
the eld and the aperture stop, and yet 2f system with the condenser lens at its
center. Usually, the latter is characterized by a smaller length sindgong < f pase-
Before proceding with our analysis, a new quantity called optical throughput has
to be de ned. Itis called throughput of an optical system the product between the
pupil area (Ao) and the solid angle coupled to the pupil () through the window
area (A;1). Let us now consider the simple situation displayed in Fig. 2.2, given
that the solid angle subtended by an aperture of a given area A, with a certain

angular aperture and at a certain distance d is = f—z, the throughput of a two

aperture subsystem is

_ AdlA;

G 2

=Ay) 0=A1 1 (2.1)

with the system throughput depending only on the system parameters such as

the two aperture areasAo and Aq,their distance and with the constraints of an
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Figure 2.2: Throughput calculation for a two apertures system

incoherent, large light input beam. Let us now go a step further and consider a

slightly more complicated system as the one shown in Fig. 2.3.

For a symmetric 2f systemz = 2f and therefore the throughput is given by

_ AdAq,

G= 5 (2.2)

At this point, to ease the analysis of the illumination performance of the system
we can divide the latter into smaller, simpler parts and examine one at a time.

Following this reasoning, it is found that a Kohler illuminator thoughput is

_ AasAfs_
G= 55—

base

(2.3)

meaning that, notwithstanding the change of con guration, at the sample plane
the two geometries exploit equal illumination area, convergence angle and power
distribution [1].

To the aim of this project, the Kohler illumination geometry has been used, due

to the fact that the conjugation between the sample plane and the aperture eld
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Figure 2.3: Throughput calculation for a system made by two apertures at a
distance 2f, with a lens of focal f in the center.

stop plane allows the user, once installed a settable iris in place of a xed diameter
aperture, to regulate at desire the illumination intensity and, with the help of
another iris, to analogously set the illumination area by opening o closing the

aperture iris, since it is placed in the back focal plane of the condenser lens.

Summing up, a Kéhler illuminator guarantees an even illumination of the speci-
men, resulting in higher contrast images and reducing artifacts. Furthermore, by
opening or closing the aperture stop, it can be set the image contrast together with
the depth of eld of the illumination, by modifying the input NA to the condenser.

By adjusting the eld stop area instead, due to conjugation of its plane with the
sample plane, it can be set the FOI, increasing or decreasing the illuminated area

of the sample.

2.1.3 Light Sheet lllumination

As already presented in the previous chapter, the idea standing behind light sheet

uorescence microscopy is to excite uorescence in the sample, thanks to a laser
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Figure 2.4: Kohler illumination setup implemented.
In the gure are not reported the distances equal tof.gng, Since, in a scaled
diagram, it results too small with respect to f pase
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sheet coming to its side, only in a well determined volume (since the sheet is some
m thick), around the detection optics ideal focal plane. Ideally, the illumination
path product would be a two dimensional light sheet impinging exclusively onto
the illumination objective back focal plane. This is not achievable in reality, so
that it should be preferable to have a sheet of course as thin as possible, but also
as uniform as possible over the eld of view determined by the optical objective.
Light sheet generation is most likely to happen thanks to the use of cylindrical
optics [19], which are nonetheless a ected by Abbe's di raction limit, limiting the
minimum thickness achievable depending on the illumination beam wavelength
and the optics numerical aperture. After having encountered on its path a cylin-
drical lens, the light beam converges in a distance determined by the lens focal in
the direction of the sample and then rapidly diverges away. Since the persistence
of the minimum beam waist is limited, to achieve symmetrical excitation volume
the center of the sheet is overlying the center of the specimen and therefore of the
eld of view. Depending on the excitation spectrum of the uorophores implied,
on the optics used and on the sample to investigate, di erent light sheet thick-
nesses are made, varying from a minimum of fn , to a maximum of 10 m [19].
Other methods of light sheet generation have been investigated, but to the aim
of this project, the latter approach will be exploited since it guarantees a faster

image acquisition and lower photodamages to the sample [20].

For what has been said in the rst chapter, the light sheet thickness a ects the
system optical sectioning capability of the system, also de ning the axial resolution
of the system. In a normal wide eld microscope the axial resolution (referred to

as depth of eld), is given by

DOF = NZZ : (2.4)

det

with  being the emission beam wavelength and A 4¢; the numerical aperture
of the detection lens (see Paragraph 2.1.5 for more details). Due to the presence

not of the simple NA but of its square, axial resolution tremendously su ers from
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Figure 2.5: Light sheet generated in a typical SPIM setup.
Light sheet excites uorescence in a very well determined plane centered with the
FOI of the objective lens, so that illumination and detection paths are orthogonal
to each other [19]

low numerical aperture detection objectives, hindering optical sectioning. Anyway
this problem can be bypassed thanks to light sheet illumination: this technique
provides a limited volume illumination, increasing axial resolution in a signi cant

way [11]. According to chapter 1, the axial resolution of the system is given by

the beam waist of the laser beam

R m: (2.5)
2.1.4 Detection

Let us now address our attention to lateral resolution. This, has been said to be

equal to

RL = ZNAdet; (2.6)
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Figure 2.6: General detection scheme for uorescence microscopy. In the
detection path a lter has to be inserted in order to cut out the excitation
photons that might be re ected and transmitted into the sensor.

being determined again by the NA of the detection objective and by the beam
wavelength, analogously to epi uorescence microscopy, not leading to any im-
provement in resolution. Eqg. 2.6 is in accordance to Abbe limit, furthermore it is
the same resolution as for a normal wide eld microscope.

In Fig.2.6, a typical detection setup for uorescence microscopy is shown. As
depicted, it consists in an objective, a tube lens and a camera (usually a charge
coupled device camera) to enable fast image acquisition. On top of that, a single
channel detection subsystem is shown, even if due to its characteristics SPIM suits
multicolor acquisition. To exploit the latter, a dichroic mirror as well as other |-
ters and cameras are needed, in a number equal to the number of colours to detect.
Also an additional bright eld path can be implemented as described in 2.1.2 to
watch over the sample health and overall status. Another simpler way to exploit
multichannel acquisition is to use a lter wheel coupled with a single camera. In

this project, single colour acquisition is exploited.

2.1.5 Numerical Aperture and Depth of eld

Axial resolution is determined by the detection objective numerical aperture.
Their relation imply that to high NA corresponds a low axial resolution and vice
versa, as depicted in Fig. 2.7. Due to terminology, one may think that image plane
corresponds to a geometrical 2 dimensional plane with no extension along the op-
tical axis but in reality, even in the condition of ideal optical elements (therefore
no aberrations of any kind), each point of the image gives rise to a diraction
pattern which extends about the source point itself.

Axial resolution in reality is not simply de ned by the wave optics but it is also
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Figure 2.7: Depth of eld variation at di erent numerical apertures.

Figure 2.8: Depth of eld and depth of focus variation. Here z is the depth

of eld, Z is the depth of focus, NA the numerical aperture of the objective

lens, NA' the numerical aperture of the tube lens, M the magni cation and e
the detector pixel length.
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determined by the detector geometrical factor. This two components are respec-
tively predominant at high and low numerical aperture, as it is described by the

formula

n ., n_ .
NAZ M NA"

DOF = (2.7)

with DOF being the depth of eld, the light wavelength, NA the objective nu-
merical aperture, M its lateral magni cation and e the smallest resolvable distance

by the detector [21].

2.2 Implementation of the Experimental Setup

In the end of the rst chapter, di erent approaches were presented to expand the
depth of eld of an imaging system; in this work this has been achieved thanks
to the mean of dynamical optical elements, such a galvanometric mirror and an
elettrotunable lens (ETL). All of what has been said in the previous sections about
bright illumination, illumination for uorescence excitation and detection subsys-
tem has been then applied and such subsystems have been all put together on an
optical table; in this section an overview of the developed SPIM setup is given,
presenting its theoretical features such as maximum light sheet displacement on
the optical axis such that correct imaging is still possible thanks to elettrotunable
lens change of shape.

With respect to a standard LSFM setup, as the one shown in 2.6, few changes
were made in order to guarantee the ETL and the galvanometric mirror the cor-
rect working conditions. In particular, to avoid to introduce optical coma due to
the uid inside of it, the ETL must be hold in the detection path with its principal
plane parallel to the optical table. In addition, in the illumination subsystem, a 4f
lenses con guration has to be inserted to assure telecentricity of the illumination
sheet, i.e. beam waist in the same plane for di erent angular position of the input

beam, as shown in Fig. 2.9.



Optical design and implementation

41

Angular displacement

Figure 2.9: General view of a telecentric system.
Despite the input angular displacement, all of the light rays coming from the
principal lens plane are focused on the same plane.

Figure 2.10: Whole SPIM setup, including bright field illumination.
The light sheet is formed thanks to the laser source and the cylindrical lens which
focuses the beam, with the help of a 4f system, onto the back focal plane of the
illumination objective. The scanning is performed thanks to a galvanometric
mirror, a motorized mirror controlled by a DAQ board, which makes imaging on
subsequent planes possible. This is achievable with an element that can modify
its optical properties such as optical power, ETL lens, which is placed in the
vertical part of the setup (contained in the dashed area). This 90 rotation is

exploited through a one inch mirror, which is not displayed in figure.
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