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Introduction

In the last 20 years, the field of nonlinear optical microscopy (NLOM) has developed signifi-
cantly. With the emergence of stable and versatile pulsed laser sources, generating ultrashort
pulses (10~!2 — 10713 ), it has become possible to excite different nonlinear contrasts and even
combine them in a single setup. High peak power ultrashort pulses are required to provide
a dense flux of photons needed to efficiently excite nonlinear processes and retain low aver-
age power to avoid photo-bleaching and sample damage. Such NLOM techniques as 2-photon
excitation fluorescence (TPEF), second and third harmonic generation (SHG and THG) and co-
herent Raman scattering (CRS) have overcome the conventional wide field (WF) and confocal
microscopy. Besides high spatial resolution, these nonlinear contrasts using IR beams provide
intrinsic axial sectioning, deeper penetration depths (TPEF, SHG, THG) and chemical specificity
(CRS).

Many endogenous fluorescent markers akin elastin and flavoproteins are naturally present
in cells and tissues, thus enabling label-free TPEF imaging. Collagen type I residing abundantly
in the connective tissue, emits a strong SHG radiation. Coherent anti-Stokes Raman and stim-
ulated Raman scattering (CARS and SRS) imaging allows chemical selectivity and have been
successfully applied for the visualisation of lipids in cells and tissues due to the resonant Ra-
man response of CHy vibration bond. Recently NLOM proved to be a possible alternative to
traditional histology cancer optical imaging and diagnostics.

The availability of Green Fluorescent Protein (GFP) facilitates tissue staining and offers a
large variety of fluorescent markers. Genetically encoded calcium indicators in combination
with TPEF microscopy have enabled high resolution, deep penetration optical imaging of mouse
brain. However, the penetration depth of TPEF is still limited by tissue scattering and absorp-
tion (~200-300 pm), and does not allow to image deep in the mouse hippocampus. Alterna-
tively, 3-photon excitation (3PE) has demonstrated unprecedented depths of the order of 1 mm.
Although with appealing benefits, TPEF and 3PE fluorescence microscopy requires head-fixed
and/or anaesthetized mouse conditions. Most of the hippocampus function discoveries have
been done in head-restrained mice. Most of hippocampal neurons activity recording in freely
behaving animals has so far been performed with one photon excitation (OPE) miniaturized
GRIN lens microscopes and there is just a recent work which reports brain activity imaging using
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Introduction

a miniature TPEF microscope. TPEF fibered devices for the recording of hippocampal neurons
activity should allow stable and reliable imaging, and are expected to lead to new discoveries of
the brain function.

There is a necessity of a miniature, portable probe capable to perform fast, high resolution,
multimodal imaging for the translation of NLOM to hospitals and biomedical laboratories. The
main challenge lies in the delivery of ultrashort pulses via optical fibers. Conventional solid core
fibers induce temporal and spectral effects to the ultrashort pulse profile, which in turn degrades
the nonlinear excitation efficiency. There exist different pre-compensation schemes which keep
the pulses short, however these methods are limited to a very narrow operational bandwidth.
Moreover, a strong four wave mixing (FWM) spurious background is generated in the fiber silica
core, which overwhelms the CARS signal coming from the sample. All of this presents a complex
obstacle for the development of a nonlinear, multimodal fiber-coupled endoscope.

The invention of photonic crystal fibers (PCF) has revolutionized the concept of ultrashort
pulse delivery. First of all because of the possibility to transfer high peak power pulses of a
short duration without temporal and spectral broadening. PCFs are composed of a hollow core
surrounded by a silica structure with air holes. Using Kagomé lattice fibers, the lowloss transmis-
sion spectral bandwidth has been extended to some 500-600 nm. We will show in this PhD work
that the nonlinear effects generated in the fiber HC are three orders lower than in conventional
solid core fibers because it is mostly filled with air, thus the CARS nonresonant background
from Kagomé fibers becomes negligible. An additional pure silica double-clad (DC) can be fab-
ricated around the air-filled silica structure, to enable the collection of the back-scattered signal
generated by nonlinear contrasts.

A new type of HC-PCFs based on antiresonance reflection (AR) and inhibited coupling (IC)
between the core and clad modes, has recently drawn a particular attention. This HC fiber with
a modified design as compared to Kagomé fibers, has only one ring of silica tubes instead of the
complex Kagomé structure. The tubes curvature is pointed inward, therefore this HC-fiber has
been called negative curvature fiber (NCF). Such optical fiber is easier to fabricate thanks to its
simple design. In this work, we have designed and fabricated HC-PCFs with tailored NCF core
transmission window to perform TPEF and CARS endoscopy. Moreover, using the same strategy
as for Kagomé fibers, we have fabricated NCFs featuring a double cladding for an efficient NLO
signal collection.

A significant part of the work has been to integrate the new NCF into a fast scanning (8
frames/sec), flexible, miniaturized (2.2 mm diameter, 40 mm rigid length) portable probe. The
beam scanning mechanism is based on the resonant spiral motion of the fiber free-standing
tip threaded through a piezo-electric tube. We have demonstrated the applicability of the NCF
endoscope for in-vivo TPEF calcium indicators imaging of hippocampal neurons in transgenic
mice. Along with demonstrated TPEF, we have shown the capability of the NCF endoscope to
perform CARS and SHG label-free inspection of fresh tissues ex-vivo. The multimodality with
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Introduction

high scanning speed in combination with the miniature size make the NCF-coupled endoscope a
truly unique device for nonlinear imaging of live specimens.

This manuscript is organized as follows:

e Chapter [1} In this chapter we introduce the field of NLOM and its advantages for live
cells imaging as compared to conventional optical microscopy. We discuss the origin of
nonlinear optical effects which occur in presence of high intensity radiation. We describe
the basic principles of TPEF, SHG, CARS nonlinear contrasts and their applications for
advanced biomedical imaging. In the last section, we initiate the discussion on nonlinear
endoscopy and consider the issue of ultrashort pulse delivery through solid-core optical
fibers.

e Chapter 2} We first review the challenges of CARS micro-endoscopy and the state-of-art
methods to improve the performance of such devices. After a brief description of typical
scanning-tip endoscope probes, we present our CARS setup which is based on a Kagomé
fiber. We introduce the Kagomé fibers and characterize a specifically designed hollow-core
DC-Kagomé fiber for ultrashort pulse delivery. The fiber hollow core with an NA of 0.02
is combined with a 30 um silica microsphere, providing a tight focal spot (1.2 um) at the
fiber exit. We show a custom-designed mini-objective lens based on four achromatic dou-
blets, which relays the focal spot from the fiber end onto the sample. We demonstrate the
capability of a scanning-tip, Kagomé fiber based endoscope to perform high contrast CARS
and SHG imaging of fresh, unstained tissues. We conclude discussing possible improve-
ments of the Kagomé fiber design to increase the signal collection, especially for TPEF
coming from GFP-labelled tissues.

e Chapter [3} We present a new class of hollow-core fibers called negative curvature fiber
(NCF). We describe its working principle based on inhibited coupling between the fiber
core mode and the clad modes, and on destructive interference between the reflected
and transmitted waves at the fiber core boundary. A study on ultrashort pulse delivery
including FWM background generation, is also carried out in this chapter. We conclude
with a comparison of the signal collection efficiency achievable with the DC-NCF and the
DC-Kagomé fiber.

e Chapter [4 We employ the NCF presented in Ch[3|for the implementation of a new high
speed hollow-core endoscope. This chapter is devoted to a detailed description of the
mechanical properties and behaviour of the NCF fixed at one side in the piezo-element and
with a free-standing tip resonantly scanned by the piezo in a spiral pattern. We develop
and exploit an active resonant braking of the fiber tip motion to reduce the period of
the fiber free relaxation and minimize the time between two successive scan cycles, thus
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increasing the imaging rate. Lastly, we describe the custom-written software for signal
acquisition, display and image reconstruction, as well as the dedicated hardware.

Chapter [5; We show a protocol for the integration of the NCF endoscope described in
ChH4in a flexible, miniaturized probe with a 2-times thinner distal part as compared to the
Kagomé one. We use a CO» laser to seal the focusing microsphere to the fiber core output
facet and describe possible constraints during the probe assembly. The performance of the
assembled probe is verified on calibrated samples, and by CARS imaging of polystyrene
beads and ex-vivo mouse spinal cord.

Chapter [6f We describe the application of the NCF endoscope for in-vivo TPEF imaging
of GFP-labelled neurons in the mouse hippocampus. In the perspective of the neuronal
circuits activity recording in freely-behaving mice, we address the principle demands for
robustness, stability and imaging performance of a miniature endoscope. In this chapter
we perform time-lapsed TPEF imaging of a group of hippocampal neurons and measure
the signal intensity change with time. Raw TPEF images acquired at 8 frames/sec are
analysed and the corresponding time traces are shown.



Chapter 1

Nonlinear optical microscopy:

transfer into endoscopy

This chapter, broken in two parts, will deal with the basic principles of nonlinear optics processes
which lead to very interesting phenomena used in nonlinear optical microscopy (NLOM). In
Sec[1.1} we will briefly discuss the nature of the nonlinear light-matter interaction with the
consequences on resulting optical properties. The need to use ultrashort pulses for nonlinear
excitation challenges the translation of NLOM to endoscopy through optical fiber and will be
addressed in Sec[1.2]

1.1 Nonlinear microscopy

Applications of optics and photonics in biology and medicine have led to a new branch of sci-
ence called biophotonics. Lasers in combination with a variety of other optoelectronic devices
have been a powerful tool for observing and modifying biological processes, occurring in cells
of either living organisms or cultivated specimens. Microscopes have shown their important
role in cell studies. Nowadays, it is hard to imagine a biomedical research lab without a micro-
scope. Over the last years, the majority of biological studies and discoveries have been done in
cultured specimens. However, in order to investigate true biological dynamic changes in cells,
their functionality as whole living systems, live imaging methods have emerged to be of high
importance.

Such a well-known microscopy technique as laser scanning confocal microscopy appears
to be hardly applicable for deep penetration live cells imaging because of its high excitation
energy and short wavelengths applied to a specimen, thus leading to photo-bleaching of the
specimen and strong scattering by tissues [[1]. Alternatively, two-photon excitation fluorescence
(TPEF) microscopy has been introduced as a good solution for live cell imaging [2]. This type
of microscopes, based on the nonlinear nature of multi-photon absorption, allows a sub-micron
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CHAPTER 1. FROM NONLINEAR MICROSCOPY TO ENDOSCOPY

resolution. Also, there is no need for the pinholes, since the TPEF signal is uniquely generated
from focal volume, thus providing intrinsic sectioning. Furthermore, due to longer excitation
wavelengths, the penetration depth is increased significantly. Many endogenous fluorophores
(keratine, elastin, NAD(P)H, flavoproteins) present in cells and tissues enable label-free imaging.

However, TPEF microscopy as all fluorescence based imaging techniques, often requires spe-
cific staining of specimens. Dyes may cause photo-toxicity and induce harm to the specimen.
Moreover, labelling is time consuming and depends on the suitable fluorophores availability. Re-
cently, due to the discovery of Green Fluorescent Protein (GFP), fluorescent staining has become
much easier to perform [3]]. However, for some purposes scientists prefer to have other methods
that do not require labelling. As an example, several of them can be named: second and third
harmonics generation (SHG, THG) developed for clinical imaging, based on nonlinear properties
of certain materials; stimulated Raman scattering (SRS) and coherent anti-Stokes Raman scat-
tering (CARS) spectroscopy which exploit the molecular vibrations in cells and tissues [[4-10].
The majority of important advantages of CARS over SHG and THG lie in the ability of CARS to
provide molecular specificity at low average power applied to specimens.

1.1.1 Nonlinear behaviour of light

Optical properties of a medium depend on the relation between the electric field E and the
electric polarization P. Positive and negative charges are organized in a certain manner by an
applied electric field E. This organization defines the behaviour of light in irradiated media. In a
linear medium, the relation between E and P is considered to be linear. A linear superposition
of two different electric fields by E; + by E, creates a polarization pair b1 Py + by Py However,
in presence of high intensity fields, the linear dependence does not hold anymore. The rela-
tionship between the electric field and polarization becomes nonlinear. As a result, new optical
phenomena can occur in nonlinear media.

The material response is described by its susceptibility v, which relates the electric field and
the polarization. For a homogeneous, isotropic medium the instantaneous linear polarization
Py, can be expressed as,

Pi(z,t) = ecox\VE(z, 1) (1.1)

where y(1) is the first order susceptibility with E for the electric field. The total polarization can
be given by the equation:
P(z,t) = P.(z,t) + Pxp(z, 1) (1.2)

where the nonlinear polarization contribution Pyy,(z,t) can be further expanded to:
Pai(z,t) = eox P E? (2, 1) + eox P E3(2,1) + .. (1.3)
where (@), x®) and further are the material susceptibilities of the second order, third order and
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1.1. NONLINEAR MICROSCOPY

SO on.

Each nonlinear medium characterized by its order of nonlinearity (nonlinear polarization)
is responsible for the generation of new spectral components. SHG, for instance, can occur only
in nonlinear media with non-centrosymmetric organization. This is due to the fact, that all even
orders of nonlinear susceptibility x disappear in the materials with inversion symmetry. On the
other hand, third-order nonlinear processes like CARS can occur both in centro-symmetric and
non-centrosymmetric media [[11].

1.1.2 TPEF and SHG contrasts

SHG and two-photon absorption (TPA) are defined as a second and third-order nonlinear pro-
cesses respectively. A simultaneous [[] interaction of two photons (with identical or different
frequencies) with a molecule may lead to an absorption of both photons at the same time.
SHG occurs in a parametric E] process which requires a simultaneous absorption of two iden-
tical photons. The SHG emission is coherent and highly directional. Moreover, this process is
instantaneous, mediated only by the virtual states of a molecule.

Contrary to SHG, TPEF radiation is incoherent and occurs between the ground and excited
states [2[]. A portion of the absorbed energy goes to non-radiative transitions between the
molecule’s virtual states. Thus, the TPEF emission is not equal to the frequency sum of the two
absorbed photons.

T —— .
ANAF
Wexc Wexc
ANANNATY AN N R B
Wexc Wem A ANANTY A
Wem 2(AJexc
Wexc
Wexc
N v> =
[f> == [f> ——m—_—— |f> —4
OPEF TPEF SHG

Figure 1.1 Perrin-Jablonski diagram of the energy transitions between electronic (and vibrational) states
of a molecule. The depicted processes are: one and two-photon excited fluorescence and second harmonic
generation.

Two-photon excitation fluorescence TPA can occur if two photons, with the energy sum
matching the gap between the ground and excited states, interact simultaneously with a molecule
or an atom. In this process, the molecule is excited from the ground state to an excited state
(with many vibrational levels) from which it quickly relaxes to the lowest excited state defined

LA fraction of a femtosecond (< 1075 s) when a molecule resides in a virtual state
2The energy and angular momentum are preserved during the transition process, no energy is transferred to
the medium



CHAPTER 1. FROM NONLINEAR MICROSCOPY TO ENDOSCOPY

by a longer fluorescence lifetime of 1079 s (Fig. A single photon is emitted by the molecule
returning to the ground state. The quantum description of this process was done by Maria
Goppert-Mayer in 1931 [[12]. The probability of TPA is quantitatively defined by the two-photon
cross-section o9, measured in cm*s with 107°° em?*s = GM in honour of Géppert-Mayer. TPEF
emission after an TPA event depends on the quantum yield ¢r. A product of the absolute two-
photon cross-section (o2,) by ¢r is called the two-photon "action" cross-section [13].

TPE process requires a dense flux of photons incident on the sample. Pulsed lasers enhance
the TPE process by a factor of 1/(7fg) (7 and fg are the pulse temporal width and repetition rate
respectively) in comparison to continuous wave (CW) lasers with the same average power. The
highest excitation efficiency is usually achieved using pulsed lasers with short temporal width
(<100 fs), high peak power (500 kW) and repetition rate (80 MHz), tightly focused with high
NA (>1.0) objectives [2]. The number of photons absorbed per pulse and per fluorophore is

described as [14]],
2
“ Tpfg 2he) '

where ¢ represents the TPA of the fluorophore at wavelength A, pg is the average intensity, 7,

corresponds to the pulse duration, f, is the laser’s repetition rate, NA — focusing objective’s
numerical aperture, ¢ and & stand for the speed of light and Planck’s constant. From Eq.(1.1.2)
one can retrieve the dependence of the excitation probability (with constant average power
and repetition rate) on the VA and the pulse duration 7,. With increasing N A of the focusing
objective, the focal spot becomes tighter and the excitation power is confined into a smaller
focal volume. On the other hand, decreasing pulse duration allows for temporal concentration
of photons distribution across an individual pulse, improving therefore the TPA probability. In
TPEF the excitation probability and thus the fluorescence signal depend quadratically on the
average intensity of the excitation light.

Second harmonic generation SHG is an example of a nonlinear optical interaction, which
occurs in a second-order nonlinear media (Fig{I.1). This process is mediated by the second-
order material susceptibility y(2) [11]. The electric field generated by a laser beam can be
expressed as

Et)=E e ™ tecec. (1.5)

If a material is characterised by x(?) # 0, the incident electric field will generate a second order
nonlinear polarization term (Eq.(1.3]):

PO (t) = 2¢gx\ P EE* + (eox(Q)Eze_iQ‘”t + c.c.) (1.6)

The first contribution in Eq.(1.6|) with a frequency equals to zero creates a static electric field in
the material (called optical rectification). The second term is responsible for SHG radiation and

8



1.1. NONLINEAR MICROSCOPY

contains an oscillation at frequency 2w.
SHG emission can be generated in a process of annihilation of two photons with energy w cre-
ating a new photon 2w, as shown in Fig[1.1] The solid line corresponds to the molecular/atomic
ground state, whereas the dashed lines represent virtual levels. The transition process mediated
by virtual levels must obey to the law of energy and momentum conservation. Which implies
two conditions: one for energy ws = 2w; and the second one for momentum, which requires the
phase matching condition:
ks = 2K; (1.7)
where wg and w; correspond to the frequencies of the scattered and incident photons, respec-
tively. The corresponding wavevectors are: ks and k;. This condition can be relaxed when using
high NA objectives which focus tightly the excitation beam and generate a wide distribution of
k vectors. The SHG signal depends quadratically on the excitation power as follows from Eq.
(C5) :
Ispa ’ﬁ@)@w)f o 12

(18)
TPEF and SHG microscopy NLOM has become a powerful tool for biomedical imaging
due to the unique features that it offers as compared to traditional wide field and confocal
microscopy. More specifically, TPEF and SHG can be excited in the same imaging setup with a
single pulsed laser [[15]]. TPEF microscopy using IR light is particularly valuable for live tissue
imaging, since it provides an intrinsic z-sectioning and high penetration depth at low average
powers. In comparison to one-photon excitation (OPE) process, when the fluorescence intensity
decays with 1/z (z = distance from the focus) rate, TPEF signal intensity decreases much faster
(1/2%) as it depends quadratically on the excitation light intensity (Fig. The probability
of nonlinear effects is the highest in the focal volume. Thus in TPEF, as well as in all other
NLOM technique, the nonlinear signal comes only from the focal point. Besides, the excitation
beam used for TPE operates at higher wavelengths as compared to OPE, which decreases tissue
scattering and water absorption, leading to unprecedented penetration depths of the order of
few hundred micrometers [12]].

SHG provides a valuable information on tissues which do not possess inversion symmetry.
Thus, only well-ordered protein assemblies like collagen, microtubules and muscle myosin can
generate a strong SHG signal [15-H19]. Moreover, forward generated SHG emission needs to
be back-scattered to the collection objective from the excited tissue. Both transmission and
reflection signal collection schemes, including numerous applications of SHG microscopy have
been considered by Campagnola and colleagues [20].

Besides SHG, third harmonic generation (THG) features an additional microscopy tool for
nonlinear imaging of unstained tissues. THG waves interfere destructively in homogeneous
media; thus, a measurable THG signal can only be generated from the pulsed beam focused on
the interface between two different media [11[]. Starting from initial demonstration in 1997

9
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Figure 1.2 Intrinsic optical sectioning provided by TPEF contrast [http://biomicroscopy.bu.edu].

[21,[22], THG microscopes have been used for label-free, non-toxic, high resolution imaging of
biological specimen [|10,23-25]], intact and/or living tissues [26-28]. THG mediated inspection
of live brain tissue has shown the potential to compete and possibly replace standard biopsy
techniques [29,30]. With the use of optical fibers and micro-electro-mechanical system (MEMS)
mirrors, a hand-held THG microscope was developed [31]. A miniaturized, portable, fiber-
coupled probe will enable THG imaging in clinical applications.

TPEF, SHG and THG microscopy represent most of the developed NLOM, however another
important contrast capable of chemical selectivity shall be introduced. The development of
Coherent Raman microscopy techniques has enabled a fast, chemically specific, high resolution
imaging with 3D sectioning capability. The first CARS microscope of this kind was demonstrated
by A. Zumbusch and co-workers in 1999 [32] that implement a fs-CARS setup in a collinear
geometry with the use of a high NA objective meant to relax the phase matching condition and
to improve the axial resolution.

1.1.3 Coherent Raman scattering

Coherent Raman scattering (CRS) which consists of SRS and CARS, provides a means to inspect
live tissues in label-free modality. CRS relies on a coherent excitation of chemical bonds with
a frequency matching their mechanical vibration. Each individual chemical bond responds to
the excitation field in a unique manner. In CRS process those molecular bonds can be probed
individually, making this technique chemically selective.

Two pulsed-laser beams called a pump (w,) and Stokes (ws), with a frequency shift equal to
the mechanical resonance frequency (g = w, —wg) of the molecules of interest, are involved in
CARS and SRS processes. The transition mechanism of SRS relies on a simultaneous excitation
of a molecule or an atom by the two beams to a virtual state (Fig[1.3). An energy transfer occurs

10
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between the pump and the Stokes pulses leading to an intensity loss for the pump beam and an
intensity gain for the Stokes beam. Depending on the detected beam, a stimulated Raman loss
(SRL) or stimulated Raman gain (SRG) can be observed using a lock-in detection.

CARS is a parametric nonlinear process which combines four waves interacting coherently.
The first one called the pump (w;,), brings the molecule from the ground state to a virtual level
(Fig[1.3) from which it is de-excited by the Stokes beam to the vibrational state corresponding
to a so-called beating or molecular vibration frequency (2z). The combined action of the Stokes
and pump beams brings the molecule into coherent superposition: the ground and the excited
vibrational states become coupled. The third wave called probe (wp,) promotes the molecule
to a virtual state, from which the molecule falls instantaneously to the ground state, emitting a
photon which has the anti-Stokes frequency (was = 2w, — wg).

The four waves interfering amongst them can also arrange in a process called four-wave
mixing (FWM). This process is spectrally flat and limits the contrast in CARS imaging.

AN /\w/s\/w
e T AT YT | v
AANNAF
AANTY ANANNTY /\(SP\/\, LTS S——
We Ws NNT
/\U{P\/\W /:’/\/\’
—_— AS
Vo> —— IQ [v> E 19 '
|f> Tepd e R |f> e — R |f> ———
SRS CARS FWM

Figure 1.3 Perrin-Jablonski energy diagram describing the mechanisms of Stimulated Raman Scattering,
Coherent anti-Stokes Raman scattering and Four Wave Mixing.

CARS microscopy The third-order susceptibility y(*) which causes the nonlinear response
of a material is described as [33] :

3) Ar (3) Ay

— _ 1.
QR—(Wp—WS)—ﬁFR+XNR+wt—2wp—BFt (1.9)

X

where Q) is the molecular vibrational frequency. Ar and A, denote the Raman scattering
and the TPA cross-section constants. I'p with T'; represent the half-width at half-maximum of
the Raman vibration line and of the electronic transition of the TPA [34]. The first term in
Eq.(1.9) corresponds to the resonant contribution sensitive to molecular vibrations. The second
term is a non-resonant spectrally flat CARS contribution responsible for the generation of FWM
(Fig[1.3). The third term comes from another non-resonant contribution due to the two-photon
electronic resonance. The two non-resonant contributions impair CARS microscopy; thus, differ-
ent schemes for background elimination have been proposed: by modulating the frequency dif-
ference between the pump and the Stokes beam [35]], using time-resolved and heterodyne [36]
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CHAPTER 1. FROM NONLINEAR MICROSCOPY TO ENDOSCOPY

detection schemes [37] or by performing polarization controlled CARS [38]].
In CARS microscopy the condition of phase-matching has to be fulfilled:

—

AEZQEP—ES—kAS (1.10)

However, this condition is relaxed when a high NA objective is used to tightly focus the pump
and Stokes beams on the sample [|32].

CARS microscopy has flourished over the last decade and still has a potential to develop;
however, its application in nonlinear endoscopy remains very challenging [39]. In Ch. [2, we
will address this issue using several innovations developed in our group.

1.2 Ultrashort pulse delivery through optical fibers

The capability of NLOM has enabled a fast, high resolution imaging of unprocessed and/or
specifically stained samples. The increased excitation wavelengths allowed deeper penetration
due to the lower scattering and provided intrinsic sectioning inside different biological tissues.
CRS has opened the door for chemically specific inspection of molecular vibration signatures.
Although very powerful, NLOM remains complex for in-vivo applications due to the physical size
of typical tabletop setups and/or necessary tissues extraction.

There has been a significant effort to miniaturize and simplify the complex, bulky NLOM
schemes with the use of optical fibers. Despite important achievements, nonlinear imaging
through miniaturized, fiber-coupled probes remains challenging. The reason for that lies in the
behaviour of the ultrashort pulse in dispersive media such as solid core optical fibers. Some of
these effects can be compensated or avoided, but the potential shown in NLOM has not been
realized yet in fibered endoscopes.

In this section we will describe important optical phenomena responsible for the temporal
and spectral broadening of the ultrashort pulse in solid core fibers.

Group velocity dispersion Light propagation in media or in a waveguide such as a fiber
is described by the propagation constant. Often defined as ~, it determines the phase and
amplitude variations along the propagation axis. In lossless media, « is imaginary: ~ = i with
the (real) phase constant /3, which is the product of the effective refractive index and the vacuum
wavenumber [40]].

The normalized propagation constant 3 is wavelength dependent. Thus, different spectral
components travel with a different speed. This dependency describes the phenomenon of group
velocity dispersion (GVD). Femtosecond pulses have a large spectrum reaching up to tens of
nanometer. When coupled into a silica fiber some parts of this spectrum propagate faster, some
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- slower which results in the pulse temporal broadening. The GVD can be defined by:

9 81 0B

_ 2 _ 2 - _ 1.11
B2 ow?  Ow g Ow ( )

8 = B(w) stands for frequency dependent propagation constant of the fiber. v, = ;' = (%)_1
represents the group velocity, which is the propagation speed of the wavepacket center. Gen-
erally, the GVD parameter 3 is given in [s?/m]. Whereas in optical fibers this parameter is
expressed as a derivative with respect to wavelength, with the dispersion parameter D), < 0 in

units of [ps/(nm km)]:

2me 0°8
A2 Qw?
Since a longer wavelength corresponds to a smaller frequency, 2 and D), have opposite sign.

2mc
Dy=-73" B2 =— (1.12)

The GVD is generally classified as normal or anomalous depending the sign of 5. When
B2 > 0 (D) < 0), longer wavelengths propagate faster than the shorter ones - this regime is
called normal dispersion. In contrary, when 2 < 0 (D, > 0) it is the anomalous dispersion
regime.

Nonlinear spectral broadening Self-phase modulation (SPM) is a nonlinear optical effect
which results in temporal and spectral broadening of the ultrashort pulse propagating through
dispersive nonlinear media [[11] such as an optical fiber. This nonlinear phenomenon becomes
particularly important for pulses characterized by high peak intensity and very short pulse du-
ration.

SPM occurs as a response of a nonlinear dispersive medium to high intensity fields which
alter the properties of the medium through intensity dependent nonlinear contribution of the
refractive index [41]], given by the equation:

n(T) =ng + noI(T) (1.13)

In this equation, ny and n9 are the linear and nonlinear refractive indices, and /(7") stands for
the field instantaneous intensity. As a result the propagating pulse experiences a nonlinear phase
shift ¢n1, because of the SPM:

ONL(T) = noIl(T)woL/c (1.14)

The strongest phase shift ¢,.x depends on the peak power Py which can be calculated through
average power P, which can be expressed as:

PO _ Pan

=5 (1.15)

where 7 is the pulse duration and fr the repetition rate. Hence, the maximum phase shift
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induced by the SPM after a propagation path z, is proportional to the propagation constant ~:

PNLmax(2) = 7Fo2 (1.16)

It is possible to describe the nonlinear spectral broadening by representing the concept of
the instantaneous frequency w(t), described as

w(t) = wp + dw(t) (1.17)

where dw(t) corresponds to the variation of w(t), represented as:

dw(t) = %¢NL(t) (1.18)

If we consider a sech? shape pulse with the intensity:
I(t) = Iysec?(t/m0) (1.19)
From Eq.(1.14)) the nonlinear phase shift is:
ONL(t) = ng %LIO sec?(t /) (1.20)
If we introduce the instantaneous frequency change given in Eq.(1.18), then:

dw(t) = 2n22)—0LIO sec?(t/ o) tanh(t/0) (1.21)
70

An illustration given by Fig[1.4] shows the processes behind the described equations. Where
the short pulse intensity (a) after propagation in a nonlinear medium along the z-axis ((b),
ny>0), the pulse experiences an instantaneous frequency shift (c) which results in a pulse spec-
tral spread (d). The SPM becomes very strong when dwpnax > Aw, where Aw is the spectral
width of the incident pulse. Thus an important SPM is expected [11] whenever A¢f™ > 2.

The situation of the pulse temporal (caused by GVD and SPM) and spectral (SPM only)
spreading is true for transform-limited or positively chirped pulses propagating through media
with normal dispersion regime (82 > 0). However, this condition does not hold for the case
when a negative chirp is added to the pulse or if the propagation medium is characterized
by the anomalous dispersion. The latter allows the GVD and SPM to cancel out each other,
thus preserving the pulse transform-limited along propagation. This phenomenon called optical
solitons has been studied in silica fibers [[42,43]] and hollow-core fibers [44].
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Figure 1.4 Self-phase modulation in nonlinear media. Spectral dependence of the incident pulse (a).
Pulse propagation in a nonlinear medium with a length L (b) Frequency shift of the pulse after the
propagation (c). Spectral broadening of the transmitted pulse (d).
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1.3 Conclusions

The variety of NLOM contrasts have been developed to improve the conventional optical inspec-
tion methods used for the imaging of biological specimens. The problem of tissue bleaching,
phototoxicity and low penetration depths has been addressed by the use of long excitation
wavelengths. Intrinsic sectioning combined with label-free, chemically specific imaging have
further strengthen the field of NLOM. However, there still remains the challenge to apply effi-
ciently these fabulous achievements in miniaturized schemes mainly because of the short laser
pulse delivery.

In the next chapter, we will show how CARS, SHG and TPEF can be implemented in a
miniaturized, fiber-based, scanning endoscope.
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Chapter 2

Multimodal endoscopy with Kagome
fibers

This chapter deals with our high resolution multimodal (CARS and SHG) Kagomé fiber based
scanning endoscope. This project was first developed in the framework of A. Lombardini’s PhD
thesis with my active participation in the endoscope development and applications. I have built
an optical setup for CARS with a mechanical delay-line, into which the endoscope developed
by A. Lombardini was integrated. I was also responsible for the exploration of the endoscope
applicability for CARS imaging of CH (human colon and skin; mouse brain, spinal cord and
liver) and CD bonds (skin samples with deuterated glycerol, not presented in this work).

An introduction to the field of nonlinear CARS endoscopy will be given in Sec[2.1} We will
briefly discuss the scanning piezotube mechanism and consider the optical setup in Sec[2.2]and
Sec[2.3] respectively. Herein we address the challenge of FWM background-free short pulse
delivery by means of Kagomé fibers Sec[2.4] The working principle of the endoscope will be
described in detailed in Chj4 In Sec2.5) we demonstrate CARS ex-vivo human colon high
contrast images with sub-cellular resolution. Besides, we show SHG images of collagen fibers
from human colon and rat tail tendons. The results that will be presented in Sec[2.5] manifest
the possibility to perform CARS imaging in a simple and robust setup over large FOVs.

2.1 Nonlinear endoscopy for medical diagnostics

Histological inspection of biopsy tissues has been the gold standard in cancer diagnostics. The
removed tissue must be firstly sectioned in some dozens of microns thick slices and then stained
with HE (hematoxylin and eosin) markers. This inspection method is time-consuming and re-
quires significant labour. The development of CARS and SRS, gives new insights on the early
stage cancer diagnosis. These nonlinear imaging techniques are label-free, chemically specific
and very fast [[45,46], providing new solutions for intra-operative histopathology [47-49]]. How-
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ever, this highly advanced technology so far have been efficiently employed only in microscopy,
limiting therefore the imaging depth to several hundred micrometers due to tissue absorption
and scattering [50].

Despite all the efforts, CARS imaging through a fiber endoscope remains challenging [51-
57]. The main technical difficulties arise at the stage of short pulse laser delivery and signal
collection. Excitation beams delivery for CARS/SRS endoscopy is more complicated than in
case of SHG and TPEF [58-60], since two beams must be temporally and spatially overlapped.
In solid-core fibers, these two co-propagating pulses generate a strong spurious signal in the
fiber core in a nonlinear FWM (valid only for CARS) [51]]. As an attempt to suppress the CARS
background, two fibers were employed: one for the excitation and the second one for signal
collection [51,/55,57]. At the same time, polarization control and large mode area fibers were
exploited to reduce the parasitic FWM [52,/53]. However, this leads to an unavoidable increase
of the endoscope size and/or a loss in optical contrast and resolution.

Furthermore, in solid-core fibers, the GVD and SPM can broaden the pulse temporal width
and reduce the pulse peak intensity [41]. For CARS imaging therefore, all these propagation
issues should be solved for two different frequencies, further complicating the design of fiber
based endoscope.

Another interesting approach of a combined laser scanning microscope (LSM) and GRIN
lens rigid endoscope for CARS imaging, has been demonstrated very recently by the group of
Prof. Zumbusch [61]. Importantly, this rigid endoscope makes use of pico-second pulses which
increases spectral resolution, but at the same time the excited vibrational signal is lower than
in fs-second regime. The reduced FWM background coming from the GRIN lens is achieved
by the combination of a low NA (<0.1) scanning lens and a distal lens assembly. The first one
decreases the FWM generation in the GRIN lens due to phase-matching condition and the second
one introduces a small shift between the pump and the Stokes beams, thus lowering the FWM
from the optical system.

In this work, we present a high resolution, fully integrated and compact endoscope based on
a hollow-core double-clad Kagomé lattice fiber. The excitation beams are delivered through the
hollow core, while the signal (CARS and SHG) is collected by the double cladding of the same
fiber.

2.2 Fiber resonant scanning

Piezo-electric tube based fiber resonant scanning has been widely used in optical microen-
doscopy. Starting from the pioneering work of Eric Seibel [62], resonant scanners have become
an inexpensive and robust solution for scanning on the sample compared, for instance to MEMS.
Many research groups have worked with the technique of fiber resonant scanning [63-66], in-
cluding the recent work on TPEF and SHG combined scanning endoscope [60]]. A classical setup

18



2.3. CARS IMAGING SETUP

for nonlinear endoscopy is shown in Fig[2.1] In this example, the fiber end is fixed in a voltage
driven piezo-electric tube. In order to obtain high fiber deflection the applied voltage drives the
piezo with the mechanical resonance frequency of the free-standing fiber tip. The commonly
used raster (with a slow and fast axes) scanning cannot be adopted for these scanners, since
both axes (x and y) must be driven at resonance. However, using a sinusoidal shape driving
waveform with a 7/2 phase shift between the x-y axes, a circular scan pattern can be produced.
A GRIN lens is used for the excitation light delivery and excited signals detection. All these
components are integrated in a metal tube.

a) PZT 1.8 mm GRIN lens c)
+X
= I ;

o .y |
B e - = — l DAQ
DCF  Hypodermic tubing

l?'2(=sin(r)'sin(9) "io

+y=sin(r)*cos(6) Endomicroscope Probe

Figure 2.1 An example of fiber resonant scanning endoscopes .

In Ch[4] I will present in detail the aspects and principles of fiber resonant scanning, as
simultaneous driving of y and x axes, quality factor definition of a scanner and scan corrections.
These processes and parameters were very well described in Alberto Lombardini’s manuscript
[69]. In this work, I will introduce a different, much smaller piezotube (1.5 mm outer diameter
and 10 mm length), which has replaced the one used in Alberto Lombardini’s thesis. Further, I
developed the fiber resonant braking for fast endoscope scanning.

2.3 CARS imaging setup

The two trains of laser pulses required for CARS imaging are provided by a Discovery (Coherent,
USA) laser system. It combines a fixed wavelength (1040 nm, 7 = 140 fs) Ytterbium fiber laser
feeding a tunable optical parametric oscillator (OPO: 680-1300 nm, 7 = 100 fs). The repetition
rate is 80 MHz. The fixed 1040 nm beam serves as Agiokes, Whereas Apymp will be tunable de-
pending on the targeted vibrational levels wavenumber A. The Stokes beam is send through a
delay line (computer controlled) in order to change the temporal delay between the pump and
Stokes beams. The two beams are spatially overlapped on a Notch filter which reflects a very
narrow band (10 nm) with Acentra = 1040 nm, while passing the Pump. The two beams are
then coupled into the Kagomé hollow fiber core (0.02 NA) with help of a microscope objective
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(40%, 0.6 NA). We have embedded two telescopes — one for each beam - to efficiently control
the beams’ divergence and size. The focal spot is then relayed by an assembly of minilenses
(Edmund Optics) onto the sample plane. Sample generated signal can be either epi-collected
by the double-clad of the fiber and reflected by a long pass filter (Semrock, Acutor = 720 nm),
or forward-collected by another microscope objective and detected by a photomultiplier tube
(H7421-40, Hammamatsu). A custom-written Labview software (National Instruments) per-
forms synchronized fiber scanning and image acquisition. Our flexible endoscope probe due
to a very simple configuration with only one fiber for excitation and collection becomes much
smaller (4.2 mm — outer diameter, 40 mm — rigid length) compared to reported CARS endo-

scopes [[55,/70].
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Figure 2.2 The setup for nonlinear endoscopic imaging. The optical elements: L1: f=400 mm; L2:
f=40 mm; L3: =100 mm; L4: =50 mm; OL1 and OL2: 60x Olympus, NA=0.6. Dichroic mirror
(DM), longpass (LP) 650 nm. Filters: shortpass 690 nm. Photomultiplier tube (PMT). Position sensitive
detector (PSD).

Mini-objective for the multimodal endoscope In fiber scanning endoscopy, the focusing
optics plays a vital role. Beside, the signal collection efficiency depends on the sample side NA of
the focusing optics. Generally, in scanning endoscopes the beam is focused on the sample either
by a GRIN lens or by an assembly of mini-lenses. Despite the advantageous miniature size,
GRIN lenses are known to suffer from strong chromatic aberration, which shifts longitudinally
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the focal spot up to 1 mm at (A ~750-900 nm) [68]].

A modern strategy for GRIN lens chromaticity compensation has been proposed [60]]. Liang
et al. developed a TPEF/SHG endoscope probe with a custom-made achromatic miniature objec-
tive combined with 2 commercial GRIN lenses (GRINTECH GmbH, Germany). This miniature
objective consists of a plano-convex lens and a phase diffraction grating [71]. The diffrac-
tive grating introduces a negative chirp which compensates the positive dispersion induced by
the GRIN lenses. The researchers reported 10 um sample-side and <230 pm fiber-side lon-
gitudinal shift of the focal spot with a 0.8 collection NA. Although the development of such
GRIN-miniature objective coupled units is improved compared to standard GRIN lenses, their
complicated design and limited working distance (<300 ym) may require an alternative solu-
tion.

] | —
1.7mm 0.6mm

Figure 2.3 Lens assembly for the endoscope probe. Image taken from \@\

In this work, we stick to a custom-designed mini-objective (Fig[2.3). It has been shown that
such assemblies are optimal for CARS probes [57,72}[73]]. Our focusing mini-objective (Fig[2.3)
consisting of 4 achromatic doublets was designed in Zemax by Alberto Lombardini during the
course of his PhD thesis. The mini-objective lenses have different focal lengths: 9 mm (EO
#83-338), 6 mm (EO #65-569), 4 mm (EO #65-568) and 3 mm (EO #65-567) (Edmund Op-
tics). A MgF, coating on the lenses minimizes the reflection in the visible range. The main
characteristics of the mini-objective are the following:

e Working distance in air: WD=600 pm

e Sample-side magnification: M=0.63

e Sample-side numerical aperture: NA=0.45
e Fiber-side numerical aperture: NA=0.3

2.4 Kagomé fibers

Hollow core fibers (HCF) draw attention for several reasons. Firstly, light guidance in such
fibers is altered as compared to conventional total internal reflection (TIR) based waveguides.
HCF’s central capillary is filled with air and surrounded by a silica photonic structure clad. HCF
can be divided in two main groups depending on the way they guide light. The first group
relies on photonic bandgap guidance, hence called photonic bandgap fibers (HC-PBGFs, see
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Fig a) [74,75]. HC-PBGFs exhibit the lowest loss amongst hollow core fibers at around 1-2
dB/km [76]], but the price to pay is its narrow transmission window (less than 100 nm) and
strong GVD as the wavelength moves away from the center of the transmission band (= they
can be efficiently used with femtosecond pulses with spectral bandwidth of <10 nm). Kagomé
lattice hollow core fiber (Fig. [2.4]b) characterized by a so called David Star pattern guides light
due to its weak coupling between the core mode and cladding modes. This fiber is lossier (< 5
dB/m) as compared to PBGFs, however it provides a much broader transmission window (400-
500 nm). Importantly, the GVD in the Kagomé is low over the whole transmission window (few
ps/nm/km).

New HCFs designs have been proposed that reduce transmission losses: antiresonant sim-
plified photonic structure fiber (Fig. c), and a new Kagomé fiber design (Fig. d), with
reduced transmission losses. There exists another type of HCFs, called negative curvature (NC)
or inhibited coupling (IC) fibers, which will be discussed in detail in the Chapter

-

Figure 2.4 Scanning Electron Micrographs of different hollow core fibers: PBGF (a) [|77]; Kagomé
cladding with a straight hollow core (b), antiresonant fiber (c¢) |78] represented with a hexagram [79], and
Kagomé hypocycloid core (d) [80]. Rearranged from [81].

2.4.1 A new double-clad Kagomé fiber

Pulse temporal width, as we have already discussed in Ch. defines how efficiently we can
excite non-linear signals from the sample. Hollow-core fibers represent a pertinent solution for
dispersion-less short laser pulse delivery. Furthermore, the non-linear refractive index in the
hollow core of such a fiber scales down by three orders of magnitude as compared to solid
core fibers. Hence these fibers are interesting for CARS beams delivery without the generation
of spurious FWM non-resonant background inside the fiber core. Remains the problem of the
CARS signal back collection efficiency.

Our collaborators at Institut de Recherche sur les Composants logiciels et matériels pour
I'Information et la Communication Avancée (IRCICA, Lille, France) have designed and fabricated
a Kagomé hollow core fiber (Fig[2.5) having a 0.02 NA. They have also made a silica double-
cladding around the photonic crystal structure. The double-clad has an NA of 0.5 and is intended
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to collect the generated CARS signal which gets scattered and reflected by the sample. The
second ring with air holes confines the epi-scattered signal in the collection clad.

The sophisticated design of the Kagomé fiber renders its optical properties to be uniquely
beneficial for the ultrashort pulse delivery. The dispersive and spectral effects seen in solid-
core fibers are expected to be negligible even for femtosecond pulses with high peak power,
propagated over a piece of 2-3 meters long Kagomé fiber. The fiber core can transmit excitation
wavelengths range of 680-1100 nm with lower than 5 dB - m~! attenuation (Fig{2.5c). Such
transmission characteristics allow to deliver pump and Stokes beams that can cover a large range
of vibrational wavenumbers, until 4000 cm~!. At the same time, ultrashort laser pulses keep

their narrow temporal width due to a very low GVD in this spectral range (5 fs - nm~! - m~!, see

Fig[2.5d).

We have measured the pulse duration (setup presented in Fig[2.2)) after propagation in the
Kagomé fiber core to remain nearly unchanged even at 50 mW output power (see Fig[2.6a).
Moreover, due to the anomalous dispersion of the Kagomé fiber, ultrashort pulses can even be
slightly compressed (because it compensates the positive dispersion acquired by the pulses in
the optical elements before the fiber). The ultrashort pulse despite the high peak power does not
generate new spectral components, when delivered through the Kagomé fiber core (Figl2.6D)).
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Figure 2.5 Kagomé fiber SEM image (a), zoom on the fiber core (b), fiber core attenuation curve and
output pulse temporal width with the fiber imposed GVD (c) and (d).
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Figure 2.6 Pulse duration measured (autocorrelator) for different wavelengths (Ti: Sa laser) (a). The
pulse temporal width measured before (blue curve) and after (green curve) the Kagomé fiber (1 me-
ter). Pulse spectral measurement (805 nm center) for different power levels, before and after the pulse
propagation in 1 m of Kagomé fiber (b). Image taken from [69].

2.4.2 Focusing microsphere

The Kagomé fiber’s modal area is around 18 um, that corresponds to a 0.02 NA. This NA had
to be increased, before integrating the Kagomé fiber into a scanning endoscope. The miniature
objective (described in Sec[2.3) was used to relay the beam exiting the fiber core onto the
sample plane. However, the mini-objectives demagnification was only 0.63, which could have
led to ~11 microns spot on the sample. If further demagnified, the scan amplitude would have
been reduced proportionally. We addressed this challenge by introducing a focusing microsphere
on the Kagomé fiber core output facet (Fig/2.7). A silica microsphere sealed in the fiber core
renders the 18 ym modal area into ~1.2 um focal spot on the sample. The silica microsphere
placement and sealing will be described in Ch[3] when talking about a new hollow-core fiber,
and in ChJ5| dealing with the integration procedure of a portable endoscope probe.

Figure 2.7 Kagomé fiber and the silica microsphere on the fiber core. SEM image of the fiber with the
attached microsphere (a), zoom on the fiber core (b), field modal area through the core (c), focal spot
made by the microsphere (d).
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2.4.3 CARS beams delivery by Kagomé fiber

FWM as a parametric process generates a non-resonant signal at the CARS wavelength:

2 1,

/\pump )\Stokes

AcArs = ( (2.1)
where A\pump and Aggokes correspond to the pump and Stokes wavelengths. The non-resonant
part of the third-order nonlinear susceptibility coefficient x3 , causes this FWM background in
CARS.

In order to study the non-resonant FWM generation in the Kagomé fiber, we have imple-
mented the setup shown in Fig[2.8] We scan the delay between the pump and Stokes beams and
compare the olive oil CARS signal with the FWM background. The Coherent Discovery gener-
ated pump (800 nm) and Stokes (1040 nm) beams were superposed spatially and temporally.
The forward generated CARS signal was back-reflected from the sample glass cover slip and col-
lected by the fiber. Olive oil contains an abundance of carbon hydrogen (C-H) vibration bonds
generating a very strong CARS signal at Qg = 2885 cm~!. In this study, we want to assure that
the CARS signal generated from the olive oil is much stronger (with SNR>10) than the back-
ground FWM generated in the focusing microsphere or elsewhere in the fiber. By changing the
temporal delay between the beams, the position where they are temporally overlapped changes,
and the generated CARS and FWM are detected by the PMT.

We scan the Stokes beam with respect to the pump beam with help of a mechanical delay
line over 2 picoseconds. The sample is placed in the focal plane of the mini-objective lens
and the generated CARS signal is collected by the Kagomé fiber double-clad (red curve in Fig.
[2.9). The high peak from the red curve indicates the CARS signal from the olive oil sample.
The smaller intensity peak corresponds to the FWM originating from the glass microsphere,
but it is shifted by a temporal delay of more than 400 fs from the sample temporal overlap.
Thus, if the pump and Stokes beams are temporally superposed on the sample, there is no
more overlap on the focusing microsphere. Next, to check if there is no FWM background
generated from the fiber itself, the olive oil sample is removed and the experiment with the
delay is repeated. In Figl2.9] the blue curve denotes the FWM generated from the Kagomé fiber,
while sweeping the delay between the two beams (2 ps). Only a marginal FWM contribution
due to the focusing microsphere can be seen from the blue curve, but even this spurious FWM
is successively separated by the temporal delay.

We can conclude that only a negligible FWM background is created when the pump and
Stokes overlap temporally on the sample. The explanation of this difference in temporal delay
lies in the fact that the GVD of the mini-objective induces an additional delay between the
excitation beams, thus separating the temporal overlap for the sample and the microsphere.
This method works perfectly for femtosecond CARS endoscopic imaging, contrary to all fiber-
delivered CARS probes developed for the moment. The femtosecond CARS enables for high
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speed, strong signal, very low background and low average powers contrast imaging. However,
if high spectral resolution is desired, pico-second sources have to be used and this method might

N lPMT

need to be improved.

Stokes Olive
— Optical {I}l
Pump DM fiber

Figure 2.8 FWM measurements setup. Aggokes a11d Apump Overlap on a dichroic mirror (DM) and are
coupled into 1-m long Kagomé fiber. The CARS signal generated by olive oil is then collected by the
double-clad and redirected by a short-pass filter to a PMT.
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Figure 2.9 Kagomé fiber generated FWM and olive oil CARS signal versus the delay between the pump
and Stokes beams (a). Logarithmic scale of the two curves (b).

2.5 CARS and SHG imaging ex-vivo

The portable endoscope probe consists of the hollow core DC-Kagomé fiber threaded in a piezo-
electric tube (Physik Instrumente, OD=3.2 mm), integrated together with a custom-made mini-
objective into a stainless metal tube (Fig. The excitation beams (Coherent Discovery)
are coupled into the fiber core with a microscope objective. A circular pattern (~320 um) is
produced on the sample. The back-scattered signal is collected by the Kagomé fiber double-clad
and sent to the detector (PMT).

We demonstrate the imaging capabilities of the Kagomé fiber endoscope using 5 pm polystyrene
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Figure 2.10 A schematic, simplified illustration of the Kagomé endoscope. A photograph of the portable
probe is shown in the inset.

27



CHAPTER 2. MULTIMODAL ENDOSCOPY WITH KAGOME FIBERS

beads deposited on a glass coverslip. CARS image of the beads looks uniform with a very low
FWM background (Fig a). The driving voltage applied to the piezotube was decreased by
50 %, resulting in a twice smaller FOV=155 um. This allowed to zoom on the polystyrene beads

(Fig2.11]b).

The lateral resolution of the imaging system was measured using 200 nm fluorescent beads.
The excited TPEF signal (Aexc = 800 nm) from the beads was forward detected. We retrieved
the size of the point spread function (PSF), its full width at half-maximum (FWHM) from TPEF
images of the fluorescent beads. The achieved TPEF lateral resolution was around 0.83 pm. The
axial resolution of 5.9 ym was measured.
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Figure 2.11 CARS images of 5 um polystyrene beads deposited on a coverslip: 320 pm FOV (a) and
155 pm (b), respectively. Powers: 10 mW (Apump=800 nm) and 5 mW (Agiokes=1040 nm). TPEF image
of 200 nm fluorescent beads (c). The estimated lateral and axial resolution (d) and (e), respectively.
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Next we performed CARS and SHG endoscopy imaging of fresh human colon fatty tissues
providing a strong CARS signal from C-H bonds (2850 cm™!), and rat tail tendon (SHG from
collagen fibers). The tissues were sandwiched in water between two coverslips (100 pm thick)
with a 1-mm adherent spacer and placed vertically in front of the endoscope. A high con-
trast CARS signal was generated by the human colon sample with only 30 mW average power
(Fig2.12]a). SHG signal generated by collagen fibers from the rat tail tendon demonstrated the
high performance of the flexible endoscope (Fig{2.12b). The 0.8 um lateral resolution is con-
firmed with a close-look on collagen fibrils (Fig ¢). The superposed CARS (lipids) and SHG
(collagen) images demonstrate the capability of the Kagomé fiber based endoscope to perform
nonlinear, multimodal imaging of fresh, unstained tissues. All images (Fig[2.12)) were acquired
at 0.8 frame/sec, 5 times averaged, along with 350 ym field-of-view (FOV).

Such endoscopic performance renders intraoperational label-free imaging and diagnostics
one step closer to reality. Proteins and lipids proliferation rate can be a remarkable sign of
malignant or early-stage cancerous tissues [82-84]. Thus bringing the developed flexible probe
to the hospital would help practitioners to identify cancerous tissues and assist him/her to take
intra-operative decisions.

di —

Figure 2.12 CARS (CH;) bonds at 2850 cm~! human colon (a), SHG rat tail tendon collagen fibers
(b), SHG rat tail tendon magnified (c). Human colon (d) superposed CARS (2850 cm~!) and collagen
SHG (e) images. Powers on sample: Pgiokes =10 mW, Ppymp =20 mW and Pgyg =60 mW.
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2.6 Conclusions

In this chapter, we reported on the development of a high resolution, flexible, compact endo-
scope for CARS and SHG imaging. We have addressed the challenge of the two temporally and
spatially overlapped beams delivery through optical fibers by means of a Kagomé hollow core,
double-clad fiber. The Kagomé fiber enables background-free, dispersion-less femtosecond pulse
delivery over a broad spectral range. The innovation represented by the silica focusing micro-
sphere allowed for sub-micron resolution imaging with FOVs over 350 ym. The obtained CARS
and SHG high-contrast images confirm the potential of the developed endoscope for label-free,
low excitation power optical imaging and diagnostics.

2.7 Kagomé fiber limitations

Despite all the advantages of the Kagomé fiber, such as its broad transmission window, very low
dispersion and negligible FWM, it still has some limitations. We will see in the following chapter
(Ch[3), that it is possible to overcome these limitations using a novel negative curvature fiber
(NCP).

Signal collection through the Kagomé fiber To study the collection efficiency of the
Kagomé fiber, we conducted a simple experiment. A homogeneous fluorescein (FITC) solution
was excited at 800 nm, and the generated TPEF signal was epi-collected by the fiber distal end
(detection band 500 to 600 nm). A small area avalanche photodiode (APD, 160x180 xm) was
conjugated with the fiber proximal end (Fig[2.13]a). The image of the 250 ym double clad
was magnified on the APD’s plane by a factor of 4.5. This magnification resulted in a 1.1 mm
collection clad’s image, which was sufficient to spatially resolve the collection clad, the photonic
structure and the core (Fig b).

In this experiment, we wanted to mimic the situation when the sample is weakly or strongly
scattering. The TPEF signal was collected by the fiber in two modalities: with a scattering layer
behind the sample and without. A thin layer of Titanium dioxide (TiO,) was placed behind the
FITC solution. TiO9 is known as a strong scatterer which does not absorb in the visible range.
We scanned a small sensor area APD along the x-axis with and without a scattering medium
behind the sample. In absence of the scattering medium, the TPEF signal from fluorescein
was mostly collected by the hollow core of the fiber (blue curve in Fig[2.13|c), since the TPEF
signal without being scattered is usually back-collected by the fiber core in the same geometrical
scheme as it was excited. However, in presence of the scattering layer, the fluorescence photons
scatter strongly; thus as a result, the silica double-clad started to collect the scattered photons
(red curve).

We conclude, that the double clad collects most of the back-scattered photons from strongly
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Figure 2.13 An experimental setup used for the signal collection study (a). Kagomé fiber profile
laterally scanned by a small area APD detector (b). TPEF signal from a fluorescein solution collected by
the Kagomé fiber core (centre) and the double-clad (edges), in presence of a scattering layer (red curve)
and without the scatterer (blue curve) (c).
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scattering samples. Therefore, the size of the double-clad’s collection surface area plays a very
important role. Given the inner and outer diameters of the collection ring (180 and 250 ym
respectively), we calculated the collection area to be 24000 ym?. Thus, one could think of
decreasing the Kagomé structure size to increase the fiber collection surface. Beside, as shown
in Figure2.13| ¢), poor transmission of the Kagomé core in 450-650 nm spectral range causes
high losses of the signal collected by the fiber core.

To summarize, the two main hurdles of the Kagomé fiber: poor transmission of the fiber core
in the typical emission spectral range of TPEF and CARS (450-650 nm) and a limited collection
surface of the silica double-clad (DC). We want to address these limitations in the next chapter
with the design of a new fiber whose guiding mechanism is based on antiresonant coupling, also
known as negative curvature fiber.
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Chapter 3

Negative curvature fiber improved

signal collection

This chapter introduces a new type of hollow core fibers named Negative Curvature fiber (NCF).
We will measure the signal collection through the NCF double-clad and investigate whether the
properties of this fiber can meet the requirement of an increased sensitivity. Furthermore, the
fabricated fiber presents a lowloss core transmission band around 500-600 nm suitable for green
fluorescent protein (GFP) TPEF fluorescence collection. The fiber was fabricated at IRCICA in
Lille by Prof. Kudlinski and other collaborators. A general overview on anti-resonant NCFs
will be given in Secl3.1] Where we will firstly discuss the principles of antiresonant inhibited
coupling light guiding in the NCF, and discover its applications in imaging. We will also report
on ultrashort pulse broadening and nonlinear interaction in the NCF in Sec[3.2] Finally, we
will summarize the NCF’s novelty and improvements compared to our previously used Kagomé

double clad fiber (Sec/3.3)).

3.1 HC-NCFs overview

In the previous chapter (sec]2.4), we have introduced the concept of hollow core fibers. So
far, we have only considered Kagomé fibers. However, another class of inhibited coupling (IC)
antiresonant (AR) fibers known as negative curvature fiber (NCF) has recently attracted consid-
erable attention [|85].

Research on AR reflection waveguides has yielded a new category of HCFs called NCF [78,
86-89]. The name roots from the fact that NCF consists of a hollow core and of one ring of
tubes around it (Figl3.1a). Hence, having the core wall curvature pointing inward, which is by
convention the negative axis (Fig[3.1b)).

The first AR optical waveguide was fabricated in 1986 [90,/91]. In this work the authors
report on a new waveguiding technique with a loss of 0.4 dB/cm for the TE mode. Many other
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(a) (b)

Figure 3.1 SEM photograph of a 6-tube double-clad NCF (a). Zoom on the 30 pm hollow core, sur-
rounded by silica tubes for inhibited mode coupling between the core and the clad (b).

different AR designs have been proposed, including Kagomé fibers [92,93]]. Light guiding in
NCFs is based on two optical effects: antiresonant reflection and inhibited coupling. The effect
of antiresonance can be explained by the light destructive interference between the fiber core
mode and cladding modes (described in detail in subsec[3.1.3)

However, antiresonance at the core boundary is not the only condition for an efficient low-
loss guidance. A wavenumber mismatch between the clad and core modes is needed to inhibit
the coupling between the two. The clad modes may exist inside the silica tubes, in the gaps
between the tubes and in the outer silica clad-ring. The combined effects of AR and IC have led
to transmission losses of the order of < 10 dB/km [85},/94].

Fabrication ease of NCFs has allowed developments of interesting fibers. Such as non-silica
glass fibers for mid-infra-red (IR) [95}/96]], where chalcogenide glasses replace silica [97,/98].
This opens up the possibility to create fiber lasers operating in mid-IR regime and other tools for
very precise, minimally invasive micro-surgeries.

3.1.1 NCF nonlinear imaging and spectroscopy tools

Whilst this is the first report of endoscopic imaging with an NCF, this fiber has already found
applications due to its capability of delivering high-power, ultrashort pulses with minimal dis-
tortion. An NCF has been exploited for TPEF fibre-coupled microscopy imaging by Sherlock et
al. [99]. When propagating 200 fs laser pulses through 1.5 m custom-fabricated NCF, the au-
thors show that the pulses remain quasi-unchanged with the fiber GVD calculated to be around
-175 fs?/m. The authors perform TPEF excitation through the NCF in a scanning microscope
setup, and demonstrate the collection of the excited signal from ex-vivo mouse skin sample by
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a multimode fiber bundle.

Another application of the NCF has been reported by Popenda et al [100]. In this work, the
NCF fiber is proved to have a very low GVD (5 ps - nm~! - km~!) across 680-750 nm, resulting
in only 0.5-0.9 fs pulse broadening in 1.5 m NCF at 80 mW output power (pulse width before
the fiber: 7y, =161 fs). The authors present a sensor for multiphoton spectroscopy, where an
NCF is used only for light delivery. It can record emission spectra from endogenous flurophores
as NADH (nicotinamide adenine dinucleotide) and FAD (flavin adenine dinucleotide). However,
the collected autofluorescence signals is coming from very concentrated solutions of NADH and
FAD (that are not representative of biological samples) by means of conventional solid core
step-index fibers.

3.1.2 NCF based microsurgery

Lasers can be applied for material removal with a very high precision in a process called laser
ablation. At low incident powers, the irradiated part of a material is evaporated or sublimated.
However, laser ablation is commonly performed with high intensity lasers, which generate
plasma from the ablated zone. In medicine, for laser surgery ultrashort pulses with high peak
power are used. Hollow core photonic crystal structure (PCS) fibers can efficiently deliver those
pulses without temporal broadening and spectral profile alteration. Optical surgeries are mostly
performed in aqueous environment which absorb well in IR, such that a portion of heat gener-
ated by a laser pulse can remove a desirable piece of tissue. A significant challenge remains to
deliver optical pulses in this spectral range as they are also well absorbed by silica - the main
constituent of conventional fibers.

Urich et al. [101] proposed the application of NCFs for a flexible, small size tool for soft
and hard tissues ablation. The tool operates at 3 ym wavelength (225 us pulse width), around
which biological tissues in aqueous solution absorb extensively. An NCF fiber transmitted these
pulses at 3.05 ym with 34 dB/km losses. The fiber distal end was protected from contamination
with a sapphire cover window mounted with help of a heat shrinking tube (see Fig3.2). This
optical surgery tool could generate 30 mJ at 2.94 um at the surface of the distal tip with an
energy density exceeding 500 J/cm? at the contact point. Such level of energy density surpasses
the energy required for biological tissues ablation. In spite of this, the tool withstands well these
energies, because of high damage threshold of the NCF. In Fig[3.2] b), the ablation of bovine
bone in air is shown. The cut depth reaches 220 ym along with the width of 300 pm.

3.1.3 Guidance mechanism

AR and IC phenomena decribed above are both involved in the low-loss guidance mechanism in
NCF. We will analyse both of them, starting from the simple model of a slab waveguide.
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Figure 3.2 NCF mounted operating tool with a heat sink (a). Laser ablation of ovine bone in air (b).

Adapted from .

Glass
ky: Transverse kr
wave vector kL®
k.: Longitudinal
wave vector (O}
—
D,
t

Figure 3.3 Schematic presentation of the resonance and antiresonance conditions in a slab waveguide.
The resonance condition applies when the phase difference is a multiple of 27, with m being any positive
integer . For certain values of ¢ the condition of antiresonance (A¢ = m) will apply. Redrawn

from .
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Antiresonant (AR) reflection In a slab waveguide (thickness, t) with core width W >> ),
the longitudinal (k;,) and transverse (k) vectors can be approximated to ngko and ko (n? —ng)*/?
in the glass region, where ky = 27/ defines the wave vector in the air and ng, n; - refractive
indices of air and glass.

A¢ = 2tko(n? — n2)!/? (3.1)

Where A¢ is a phase shift between two waves: one which has directly passed the glass slab
and the second one, which has been reflected from the slab surface (Fig. Resonant and AR
regimes can be described by the following equations:
¢ Resonance condition:

AP =0 — &y =2mn (3.2)

A®d represents the phase difference between the reflected and transmitted waves (m=0,1,2..n).
This phase shift will eventually establish the conditions of resonance and antiresonance. From
and [3.1]we can find the thickness ¢ of the material to be:

t=mA/[2(nga5s — nir)"?] (3.3)
e Antiresonance condition:
AP =0 —Pg=(2m—1)m (3.4)
where ¢ is now given as
t = (m—0.5)\/[2(ng1qss — i)'’ (3.5)

To conclude, the reflected and transmitted waves can be put in resonance or in antiresonance
by carefully selecting the waveguide thickness t. Depending on ¢, the two waves can interfere
constructively (resonance) or destructively (antiresonance).

In hollow core waveguides with a silica layer (cladding) around the core, a strong coupling
occurs between the core and the clad modes when the resonance condition established. How-
ever, when these modes interfere destructively, a very good core mode confinement is achieved.
The silica layer can be considered as a Fabry-Perot (FP) resonator [[103]]. The wavelengths corre-
sponding to high transmission parts of the spectrum interfere destructively in the FP resonator,
reducing dramatically the core mode leakage. NCF has a more complicated architecture of the
AR surfaces. Generally, it is one ring of silica hollow tubes with or without spacing between
them.

Let’s discuss the principles of the NCF core fundamental mode behaviour. We consider a
simple model of an NCF with 8 cladding tubes without gaps between the tubes (Figi3.4a) [102].
Glass is depicted in gray, and the white zones represent air. The main NCF parameters are
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related by the equation [|104,(105] :
Decore = (dtube + 2t)/sin(m/p) — (dtube + 2t) (3.6)

where t is the thickness of the tube wall, di,;. stands for the inner tube diameter, p gives the
number of tubes, and D, represents the core diameter. The fundamental core mode’s normal-
ized electric field intensity is shown in Fig[3.4b

(b)

Figure 3.4 AR reflection principle in NCFs. Fiber geometry is given in (a). This is a general model
without gaps between the tubes [102]. Normalized electric field distribution of the fundamental mode of
the NCF core (b). The glass/air boundaries are depicted in white dashed curves. Adapted from [102].
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Figure 3.5 NCF fundamental core mode losses. As the air core diameter increases, the leakage loss
decreases. However, the resonance condition does not change with different D.oe. The tube thickness
defines the resonant or AR regions. Leakage loss is very high at the resonance and low in AR regions.
Taken from [102].

All these parameters define the losses of the core fundamental mode. It is possible to design
a desirable effective inde)ﬂ of the fundamental core mode by changing the cladding tubes wall
thickness diupe or the fiber core diameter Dco... A specific diupe thickness can lead to the AR

!Effective index is the ratio of the propagation constant in the waveguide to the free space propagation constant

38



3.1. HC-NCFS OVERVIEW

condition. In this regime, the fundamental core mode’s loss is very low (Fig{3.5). In contrary,
these parameters can also be tuned to be in resonance, which will result in the highest leakage
loss of the core fundamental mode.

Inhibited Coupling (IC) AR reflection suppresses the losses of the fundamental core mode.
So, light can only weakly penetrate the silica structure which surrounds the core. Nevertheless,
it is important to inhibit the coupling of the core and clad modes. The coupling reduction can
be achieved by introducing the conditions for a small spatial mode overlap and a mismatch of
the effective core and clad indices [|85,(94].

As a model to describe IC between the core and the clad in NCF, a 6-tube fiber with 30 um
air core is taken (Fig[3.6).

Figure 3.6 NCF with 6 cladding tubes. With a core diameter D¢q., tube diameter and thickness: diupe
and ¢, and distance between two adjacent tubes g. Redrawn from [102].

A new parameter g stands for the distance between two adjacent clad tubes. The cladding
modes will be considered in the red-dotted clad tube [102]. At certain thickness ¢ of the
glass tube, the core fundamental mode and the clad mode coupling will be strongly inhibited.
Fig shows the dependence of the effective index (n.g) of the true modes E] on the tube
diameter d;,1,. or on the gap distance g, when the diameter of the fiber core is 30 microns. The
red and blue solid lines represent effective indices of the true cladding tube mode and the true
fundamental core mode. We notice that those effective indices approach when the gap g is re-
duced or the cladding tube diameter d;,,. is increased [102]. The true fundamental core mode
in the NCF experiences higher losses when there is no gap between the cladding tubes, because
of coupling to cladding modes (see Fig[3.7b). We can see that the minimum loss is located at
g = 5 pm (distance between two adjacent cladding tubes). The losses become high when the

2True modes are the modes which solve Maxwell’s equations in the whole waveguide. These modes are neither
core modes, nor clad modes.

39



CHAPTER 3. NEGATIVE CURVATURE FIBER

gap g is changed from 5 ym to 10 um, because the core mode leaks through the increased air
gap. Energy losses also increase for larger d,1, due to the induced mode coupling between the
cladding and the core.

dtUbe (/Jm) dlube (ﬂm)
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Figure 3.7 NCF geometry dependent modes coupling and effective indices mismatch. In the true core
fundamental mode is given by the blue solid line (a). The red solid line depicts the effective index as
a function of the true mode of the selected cladding tube. The approximate tube mode in stand-alone
annular core fiber appears in green. Core fundamental mode losses as a function of the tube thickness
and diameter is shown in (b). Adapted from [102]

3.2 Ultrashort laser pulses delivery via NCF

Non-linear mechanisms like CARS, SHG or TPEF excitation fluorescence require ultrashort pulses
for efficient excitations. Ultrashort pulses broaden when propagating through conventional sil-
ica fibers. The positive dispersion generated in silica can be compensated by inducing a nega-
tive chirp (see Ch[I} However, in endoscopy this pre-compensation complicates significantly the
setup and can work only in a very narrow spectral range [63]. Moreover, while trying to do
CARS employing solid core fibers, things get even more complex. The strong FWM background
generated in the silica core overwhelms the weak resonant CARS signal from the sample. In this
section, we study ultrashort pulse propagation through NCF fibers. We consider here a DC-NCF
optimized for the CARS beams delivery (800 and 1040 nm) designed and fabricated by Alexan-
dre Kudlinski at IRCICA Lille. We show the autocorrelation measurement of the pulse duration
before and after propagation in the NCF (Fig[3.10). Importantly, we show a 10-fold smaller
fiber generated FWM as compared to the resonant CARS signal coming from an olive oil sample

(Fig[3.126).
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3.2. ULTRASHORT LASER PULSES DELIVERY VIA NCF

3.2.1 Transmission

We show the attenuation curve of the NCF core presented in Fig[3.1a). This fiber has a broad
transmission window: ~750-1050 nm. It is suitable to perform CARS using IR pump and
Stokes beams but also for the the delivery of TPEF (GFP at 920 nm) and SHG (rat tail 800 nm)
excitation beams (Fig[3.9a). While in this fiber the core does not transmit well at the emission
wavelengths of TPEF (usually in the green), CARS and SHG, the pure silica double-clad (0.5
NA) is made to collect most of the back-scattered photons.

The simple design of NCF fibers facilitates their fabrication and permits to tailor the NCF
core transmission spectrum. An improved NCF with an additional transmission band at 500-550
nm (Fig[3.9b)) of the fiber core will be exploited for in-vivo TPEF imaging of GFP-labeled neurons
in mouse brain (Chl6)).

Collection surface

Figure 3.8 NCF used in this PhD thesis work. A 30 um hollow core encircled by 6 glass tubes constitutes
the inner part of the fiber. The pure silica double-clad of 250 um diameter ensures an enhanced signal
collection. Two additional polymer layers with low refractive (blue) and high refractive (gray) indices
prevent light leaking from the silica double-clad and provide the fiber mechanical protection.

In optical fibers, as stated before, the GVD is usually normal for 800 nm-1100 nm wave-
lengths. However, in NCFs the GVD is anomalous [99,100]. So, for positively chirped beam
entering the fiber we expect a little compression of the short pulses after propagation through
the NCF. We have measured the pulse duration before and after 1.5-meter long NCF with an
auto-correlator (pulseCheck, APE). The Coherent Discovery laser generates 140 fs pulses at
1040 nm and 100-120 fs pulses for the tunable OPO (680-1300 nm). This laser contains an in-
ternal prisms-based system for group delay dispersion (GDD) compensation on the OPO output
(up to GDD=-25000 fs? for certain \).

Bulky optical elements like microscope objectives induce a positive dispersion chirp on ul-
trashort pulses. With the laser GDD compensation the pulse minimal duration can be restored.
In Figure we show the pulse duration measured before the NCF fiber (red curve) and after
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Figure 3.9 The attenuation curve of the NCF core, unoptimized for the collection of typical CARS,
TPEF, SHG emission wavelengths (a). The attenuation of the optimized NCF core with an additional
transmission band (b).
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Figure 3.10 Pulse width as a function of wavelength. Initial pulse duration before the NCF (red curve);
at the fiber output but without dispersion (induced by the coupling objective) compensation (blue curve)
and at the NCF output with the GDD compensation (green curve).
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3.2. ULTRASHORT LASER PULSES DELIVERY VIA NCF

propagating in the NCF (blue curve, green curve). The first set of pulse width measurements
was done before a microscope objective used to couple into the NCF core (red curve). It is
the microscope objective which broadens the ultrashort pulses measured after the NCF (blue
curve). The objective’s positive GVD could be successfully compensated by the Discovery system
induced negative GDD (from -5000 to -500 fs? for 800-900 nm, green curve). The GDD at higher
wavelengths (> 900 nm) could not be compensated, since no negative dispersion pre-chirp can
be induced by this system in the given spectral range.

As a conclusion, we have shown that the NCF can deliver ultrashort pulses without temporal
spreading in a broad spectral range (800-1000 nm). Next, we will discuss the nonlinear inter-
action of spatially and temporally overlapped the Stokes and pump beams propagated in the
hollow core of the NCF.

3.2.2 Silica microsphere focusing

In fiber-scanning endoscopes the optical system’s resolution and the FOV are related. A beam
exiting the optical fiber has a certain diameter. This beam is relayed by a focusing unit on the
sample plane. Thus, conjugating the fiber plane and the sample plane, a demagnification is
commonly needed to provide a good optical resolution. However, the adjusted demagnifica-
tion reduces the FOV. A scanning endoscope based on a lensed fiber was developed for high
resolution big FOV microendoscopy [59].

We measured the field modal diameter around 25 pm (0.02 NA) of the NCF core output
beam (Fig[3.11] a). For at least 2.5 um lateral resolution on the sample plane, we would have
to demagnify the hollow core output beam by 10 times. This would decrease the FOV on the
sample by a factor of 10.

We address this issue by placing a transparent silica microsphere on the fiber core [69]. The
microsphere increases the core NA from 0.02 to almost 0.4, focusing the beam into a tight spot
(~1.2 um) a few microns away from the fiber (Fig b). This eliminates the need of a strong
demagnification, preserving high FOVs. Silica beads (30 ym) from Thermo Scientific (9000
Series Glass Particle Standards) are used, since they can sustain very well beam powers higher
than several hundreds of mW.

In this PhD thesis, the same approach has been successfully applied. The procedure of a
microsphere placement remains the same as described by A. Lombardini [69]] and presented in
Ch[]2] One needs a micro-metric precision translator, for example, the Nanomax stage (Thor-
labs). A solution of silica microspheres is deposited on a glass coverslip (Figl3.11fc). After the
coverslip dried up, we bring it in contact with the NCF fixed on the Nanomax. The frontal NCF
structure surrounding the core gets slightly deformed by the microsphere. Electrostatic forces
keep the bead in the fiber core. A silica microsphere of 30 um diameter inserted on the DC-
NCF core of the same diameter (30 um), never falls down even at high deflection amplitudes
of the resonantly driven fiber tip. However, to assure its proper fixation for the integration in a
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Figure 3.11 Silica microsphere focusing of the NCF core output beam. Field modal area of a beam
exiting the fiber core (a), focal spot after the microsphere placement (b), a silica microsphere on a coverslip

(¢). Transmission efficiency (from the point of coupling until the sample plane) through the NCF with
the microsphere and the mini-objective (d).
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portable probe, we sealed it in the fiber core by means of a CO, laser. By heating up the fiber
inserted microsphere, we preserve its focusing properties, as will be described in Chl[5| Lastly,
we measured the transmission efficiency of the NCF core with the focusing microsphere and the
mini-objective. Figure shows the transmission of a 1.5m long NCF piece. A 40x Olym-
pus objective with 0.6 NA was used to couple laser light in the fiber core. We measured the
NCF input and output powers with a power meter (Coherent) in the spectral range of 760-1000
nm. The output to input ration varied from 22 % for 800 nm down to 9 % for 1000 nm. This
difference in transmission efficiency is due to the mini-objective coating adapted for the emis-
sion spectrum (500-700 nm). Nevertheless, we conclude that this endoscope-like configuration
enables the delivery of high power excitation beams.

3.2.3 Non-resonant CARS background

In the previous chapter (sec[2.4.3), we discussed the FWM generated by the pump and Stokes
beams in the Kagomé fiber. It was therefore very important to perform the same study on the
NCF. The setup for FWM measurements is the same as depicted in Figl2.8| (except for the fiber).
In this experiment, we sweep the delay over 2 ps and take the temporal overlap on the olive
oil sample as the zero position delay. The fixed wavelength output from the Coherent Discovery
laser beam serves as the Stokes (1040 nm) and an OPO generated 800 nm beam is used as
the pump. A PMT detects the forward generated CARS signal from olive oil at 20 mW total
average power on the sample (Ps = 10 mW, P,—;p mW). In forward detection a neutral density
(ND) filter passes only 0.1 % of the incident light. In Fig3.12a)), the red solid curve represents
the CARS olive oil signal. The solid blue curve corresponds to the situation, when the olive oil
sample is out of focus. In forward direction, we have found only a small peak of FWM generated
most probably by the focusing microspere. This peak is well separated by ~500 fs from the
CARS olive oil signal due to the GVD of the relaying mini-objective lenses. A similar trend can
be traced in the case of epi-detection (Fig[3.12b). Although invisible in forward detection, an
additional FWM contribution appears at the sample temporal overlap, this FWM background is
10 times lower than the epi-CARS generated signal.

3.3 NCF’s improved signal collection

In this section, we will compare signal collection efficiency of the NCF and the Kagomé fiber.
When referring to the Kagomé limitations (Sec[2.7)), we recall its collection area to be 24000
pum?. The NCF’s collection surface can be calculated as well (Fig. This fiber has a 30
pm hollow core, with six glass cylinders around it. The nonlinear crystal structure with the
glass tubes attains only 60 um, so the silica double-clad could now be much closer to the
core. This will enhance the collection of photons from scattering tissues. With the external
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Figure 3.12 Fiber generated FWM and olive oil CARS forward (a) and epi (b) collected signal vs delay
(the setup presented in Figf2.8)). The Stokes (1040 nm) and the pump (800 nm) beams were sent through
the NCF (1.5 meter) with a 30 um focusing microsphere inserted into its core. The focal spot is relayed
on the sample plane by the miniature objective lens. Filters: 720 nm cut-off shortpass and 625/53 nm

bandpass. Total power: 20 mW. The red curve represents the CARS signal from the olive oil sample.
The blue curve corresponds to the FWM generated by the fiber and the microsphere.

diameter of the double-clad around 250 um, we find the total collection area of this fiber:
Stotal = T(R? — 1?) = 3.14(1252 — 30?) = 46237um?. So, we have almost a 2-fold collection sur-
face area increase with respect to the Kagomé.

The NCF and Kagomé collected SHG from rat tail tendon As the first indication
of the enhanced collection, we compare the FWD and EPI detected TPEF signal from a cuvette
filled with fluorescein solution (FITC). In Figure we have illustrated a schematic of the
setup built for this comparative study. The OPO (800 nm) beam was focused in the FITC cuvette
by the relay mini-objective (WD=0.6 mm). A tight focal spot (~ 1um) was achieved with the
focusing microsphere attached to the distal part of the fiber core. The TPEF signal emitted by the
fluorescein sample was collected in the transmission-like scheme (FWD signal) and in reflection
(EPI signal) by the fiber. In case of the Kagomé fiber the FWD/EPI signal ratio was around 200.
With the 2-fold larger surface area provided by the NCF design, we have achieved this ratio to
be ~50. The results may seem somehow controversial since the sample was not scattering, so
the emitted light must have been collected mostly by the hollow core. The latter is lossier in case
of the Kagomé fiber. Another reason of NCF’s collection improvement over the Kagomé could
be the size of the silica structure (Kagomé mesh) around the fiber core. All the light incident on
the Kagomé fiber mesh was lost (Fig/2.13). In contrary, the NCF design with minimal size of the
mesh could have been in favour for better signal collection.

To inspect the improved collection, a strongly scattering sample was imaged in the same
setup (Figl3.13). This time the focal spot (A =800 nm) was circularly scanned over rat tail
tendon (FOV~200 um). We compared SHG images of collagen obtained with the Kagomé fiber
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Laser

EPI signal

NCF

Piezotube

Sample

FWD signal

Figure 3.13 An illustration of the setup used to compare the collection efficiency of the Kagomé fiber to
the NCF. The beam (Discovery, A = 800nm) is coupled in 1 meter of NCF (with the focusing microsphere
on the core) and resonantly scanned by the piezotube. The nonlinear signal (SHG, TPEF) is collected by
the NCF double clad (EPI signal) and in transmission (FWD signal). DM: dichroic mirror (Acyt—og = 760
nm, FM: flip mirror. Filters for SHG: shortpass (700 nm) and bandpass (400/10 nm). For TPEF:
shortpass (700 nm) and bandpass (550/100 nm). Obj: 40x, 0.6 NA.
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and with the NCF (Fig[3.14). Both images were taken at 40 mW average power on the sample
with 1 frame/second rate. However, the selected zones on the sample were not the same for the
NCF and the Kagomé collecting fibers. Thus, the forward generated SHG emission could have
varied for different locations on the collagen sample.

The average intensity was measured from three areas of the sample (Tab[3.1). We observed
a 2-fold SHG signal increase from the selected areas, when collecting with the NCF with respect
to the Kagomé fiber case.

(b)

Figure 3.14 Qualitative study on the fiber collection efficiency of the Kagomé and the NCF. Collagen
generated SHG images of rat tail tendon were obtained with two endoscope probes, Kagomé (a) and
NCF (b) based. The locations where the SHG average intensity has been measured and reported in table
are delineated with the red squares (a), (b). The integrated background along the dash lines has
been measured and reported in table[3.I] The awerage power on the samples is 40 mW. Images 10 times
averaged.

Table 3.1 SHG rat tail images signal-to-noise (SNR) comparison of NCF vs Kagomé. Isuc and Ing
correspond to mean intensities of the SHG signal and the background. STD: standard deviation of the
background (bgr).

| Kagome | Isng,faw] 75 75 65 | Ipg,[au] 14 14 10| STD 32 4.0 3.9 |
| NCF | Isng, [aw] 165 160 151 | Lyg,[a.w] 21 20 21| STD 3.8 3.1 3.7 |

3.4 Conclusions

We have introduced a novel NCF with a large silica double-clad which replaced the Kagomé non-
guiding structure around the fiber hollow core. We analysed the phenomena of antiresonance
and inhibited coupling needed for lowloss light guidance in NCFs. The designed NCF enabled
the delivery of SHG, CARS and TPEF excitation beams at high powers. The utrashort pulses
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retained their short temporal width when delivered thorugh the NCF hollow core. We have
demonstrated and supported by the FWM measurements, the applicability of the NCF for CARS
imaging.

We have conducted a quantitative study on the signal collection improvement of the in-
creased double-clad NCF. Firstly, we obtained a 4-fold increase in the collected TPEF signal
generated from a fluorescein solution compared to the Kagomé fiber. Secondly, we performed a
comparative SHG imaging of collagen tendons with the NCF and the Kagomé fibers. The SNR
measurements also confirmed the NCF collection improvement. In the next chapter we will
concentrate on the implementation of the NCF into a novel endoscope probe.
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Chapter 4

Fast scanning endoscope

development

In Ch[2] we have presented the Kagomé fiber based high resolution flexible multimodal endo-
scope and its application for ex-vivo CARS and SHG imaging. No dispersion precompensation
mechanisms were needed to efficiently deliver ultrashort pulses through more than 1 meter of
the fiber. Furthermore, due to the very low nonlinear refractive index of the air-filled Kagomé
fiber core, CARS non resonant background from the fiber was found negligible, thus CARS imag-
ing could be performed. However, there still was some room for possible improvements of the
developed technology. We have identified the lack of signal collection efficiency of the double-
clad (DC) Kagomé fiber for its application in TPEF imaging. In Ch[3]we have presented a novel
double-clad negative curvature fiber (DC-NCF) with improved sensitivity in terms of signal col-
lection due to its augmented collection surface area. On the other hand, for some applications
we need to increase the scanning speed of the endoscope from 0.8 frame/sec to 8 frames/sec
and more. This significant scanning speed increase will be used for in-vivo TPEF GFP-labeled
neurons activity recording (see Chl6]). To this end, we will exploit a resonant braking of the fiber
motion, in collaboration with Frederic Louradour and Pierre Leclerc from XLIM institute, who
have gained an expertise in this domain. Due to the fiber resonant braking the time between two
sequential scans will be strongly reduced. And by reducing the duration of a single scan from
800 ms to 125 ms, we will show in this chapter that we can reach the speed of 8 frames/sec.

We will explain the need of high frame rate imaging and describe the piezo-electric tube
based fiber resonant scanning mechanism in Sec[4.1] The necessary hardware as an acquisition
board and voltage amplifiers, as well as the appropriate custom-programmed software will be

presented in Sec/4.2]
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4.1 The scanning mechanism

A free standing cantilever of an optical fiber threaded in a piezo-electric tube behaves similarly
to a driven harmonic oscillator. If a low voltage (<30V) is applied to the piezotube, the fiber tip
lateral displacement attains only several micrometers. However, if driving this fiber tip at its me-
chanical resonance frequency, the displacement of the fiber tip can reach hundreds of microns.
Thus, in order to maintain this high amplitude of the fiber tip deflection, and to make a symmet-
ric 2D scan, x and y axes should be driven simultaneously close to their mechanical resonances.
This condition excludes the possibility to exploit the standard raster sample scanning used in
microscopy. In this section, we will describe the mechanisms of fiber resonant scanning and fast
braking of this motion. This will also include a description of the new quartered piezo-electric
tube, its application and performance for high frame-rate imaging.

4.1.1 Requirements for high frame rate imaging

In ChJ2] the mutimodal endoscope based on the DC-HC Kagomé fiber can scan at a speed de-
fined by the fiber resonant expanding time (0.8 s) plus the time needed for the fiber to stop
moving (0.5 s). This establishes 0.8 frames/sec imaging rate with the endoscope presented in
ChJ2] However, this may not be sufficient for some applications requiring a faster image update.
In neuroimaging, for instance, in order to record calcium bursts from activated neurons, it is
inevitable to increase temporal resolution by at least 10 times [[103]].

The methods for resonant fiber braking have been described well by Seibel et al. [62].
On the other side, a very good practical application of fiber resonant braking was shown by
Ducourthial [63]]. Thus, during my PhD work we have collaborated with Pierre Leclerc from
Frederic Louradour’s group (XLIM institute) to implement this for our endoscope. The combina-
tion of our study on the theoretical aspects of fiber resonant scanning and braking on one hand,
and the practical experience gained at XLIM on the other hand, allowed us to speed up the new
endoscope to 8 images/sec. This speed can be further increased if the FOV is decreased. We will
discuss in detail the braking principle and the relation between the scanning speed and the FOV
in the following sections.

4.1.2 The piezo-electric tube

There exists a variety of quartered piezo-electric tubes on the market. We have made our choice
in favor of a micro-tube from Physik Instrumente (PI). It is 10 mm long, with 1.5 mm outer (OD)
and 0.9 mm internal diameter (ID). This choice was dictated first of all by the need of the en-
doscope probe miniaturization. On the other hand, we wanted to maintain high fiber deflection
amplitudes as it was in case for the larger piezotube used in [69] (30 mm long with the outer
and inner diameter: OD=3.2 mm and ID=2.2 mm). These piezotubes are made of the ceramic
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type PIC255. It is a modified Lead Zirconate Titanate (PZT) based piezo-electric material. It is
split in four isolated electrodes, which we use in pairs to generate desirable displacement in the
two lateral directions (see Figl4.1). The inner surface of the tube can be used as ground. The
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Figure 4.1 Piezotube basic scheme. Laterally (a) and axially (b) viewed piezotube are shown. The
numbers indicate the isolated electrodes with ground inside of the tube. Image taken from [69].

working principle of a piezo-tube is based on its dilation or compression depending on the sign
of the applied voltage. If a positive potential difference (with respect to the ground) is applied
to one of the four electrodes, the tube will bend into the opposite side of the applied force. By
changing the sign to negative, the piezotube will be bent towards the applied voltage (Fig}4.2).
Thus, in order to maximize the deflection amplitude, one should drive a pair of opposite elec-
trodes, say 1 and 3, 2 and 4 (Fig. with opposite sign voltage waveforms. We can calculate
the fiber lateral displacement knowing the geometrical and mechanical characteristics of the

piezotube:
2v/2d3; L
wDh

As an example we have picked the y axis piezotube displacement triggered by a voltage Vy,

Ay(t) = Vy (4.1)

where Ay(t) corresponds to the induced displacement in y-axis, and ds; stands for the piezo-
electric constant, which for the PIC255 ceramic becomes d3; = pC/N. The piezotube length L
(10 mm), outer diameter D (1.5 mm) and the tube wall thickness h (0.6 mm). With a constant
static voltage V, = 30 V applied, one can compute the piezotube deflection to be ~ 0.5 ym
(whereas it was 1.2 ym with the big tube [69]). Therefore, with the new piezo, in theory we
lose a factor of 2.5 in terms of the displacement amplitude, compared to the previously used
big piezotube. So, first of all, the piezo applied voltage has to be doubled to compensate for
the amplitude reduction. And more importantly, this piezotube should be driven at the resonant
frequency of the combined piezotube and free-standing fiber tip.

4.1.3 Fiber spiral scanning

In nonlinear microscopy, a standard type of beam scanning is raster scan. The focused beam
is translated from point to point in a line along x or y axis. Typically, in the case of resonant
galvo-scanners, the beam moves quite fast at resonance in one axis and much slower in the other
one. This scanning modality is hardly applicable for a piezotube-based scanner, because both
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Figure 4.2 Piezotube deflection as a function of the applied voltage. Image taken from
www.piezodrive.com.

the axes have to be driven at resonance for large FOV. In endoscopy using piezotube technology
a spiral or circular scan can be implemented by applying a driving waveform with a sinusoidal
envelope. A special attention should be payed to the scan pattern corrections, mainly because
of asymmetric behaviour of the two axes of the piezotube scanner. Moreover, at resonance the
two axes are coupled, which complicates the control of them.

We should consider several aspects inherent to fiber resonant scanning. One of the common
concepts for scanning-tip endoscopy is a combination of three different parameters of resolution

e mechanical resolution
e optical resolution
e numerical or sampling resolution

The so-called mechanical resolution defines the distance between two adjacent circles, and is
resonance frequency dependent (see Figf4.3). In its turn, the resonant frequency is quadratically
proportional to the length of a free standing fiber tip. In our case, at 11.0 mm length of the free
standing NCF, the resonant frequency was around 1.6 kHz. Meaning, that 1600 circles can be
produced in 1 second. To achieve 10 frames/sec imaging speed one would have 160 circles to
complete one image frame and to stop the fiber. Thus, when increasing the diameter of a circular
FOV, the distance between the adjacent circles increases as well, Ares, in Figure4.3] This can
lead to an undersampling for large FOVs. The optical resolution is given by the optical system’s
PSF (Ares,p; in Fig. We estimated it to be ~ 0.8 um for the NCF endoscope. The detection
sampling rate defines the distance between the two neighbouring points (Aress in Fig[4.3)). This
numerical resolution depends merely on the acquisition card’s sampling speed.
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Aresopt

Aress

Figure 4.3 Three different concepts of circular scan resolution. Image redrawn from |\

Free-standing tip An externally driven harmonic oscillator can be considered as a classical
model for fiber resonant scanning. When driving a free standing cantilever Fig[4.4] at the reso-
nance, its frequency response is characterized by a peak that has a Lorentzian shape [69]]. The
resonant frequency f,¢s of such an oscillator can be approximately estimated by the equation:

|ER?
f?“es = 47:% T (42)

E‘;deflection

Figure 4.4 A model for fiber resonant scanning. At one end the fiber is fixed and at the other end it
is free to move. With a mechanical strain induced by an applied voltage Vy the fiber end swings in the
y-direction.

The frequency response is characterized by a series of peaks, with resonance of increasing
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order occurring at increasing frequencies. In this equation, 5 is a constant, which depends
on the resonance order, E stands for Young’s modulus of silica, R is the fiber radius and p the
volumetric mass density of the fiber. L stands for the fiber free-standing tip length. In Chl5]
we will describe an integrated NCF based probe, where the free-standing fiber length L=11.0
mm. The maximum fiber displacement was observed at a resonant frequency f,.s ~1600 Hz. We
have done some preliminary studies on the double-clad (DC) NCF resonant frequency and fiber
displacement amplitude. These two parameters were measured for a piece of the NCF with and
without the polymer shell around it. The experiments were done in Limoges at XLIM institute.

A short piece of the NCF was fixed with a magnetic clamp on a shaker unit (Fig/4.5). This
device can perform a test sample shaking proof at different frequencies. The main goal of these
tests was to find an optimal length of the free-standing NCF. Ideally, we wanted to work at
around 1500-1600 Hz (1500-1600 circles per second), in order to provide a sufficient number
of circles for an accurate sampling over at least 200-300 ym FOVs at 8 frames/sec, preserving
at the same time high deflection amplitudes.
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Figure 4.5 Shaker unit. This vibration inducing device was used to measure the resonant frequency of
the NCF free-standing tip of different legnths. Image taken from [http://lgros.chez-alice.fr].

For the first trial, we kept the free-standing tip L=12.5 mm. The DC-NCF has a thick outer
polymer shell (>400 pm) for fiber mechanical protection. However, this polymer shell alters the
oscillatory behaviour of the free-standing tip, since it has a different set of parameters (p, E, R)
as compared to a pure silica fiber. Thus, we have compared the resonant response to an external
drive of the NCF of the same length with and without the polymer shell (Fig/4.6). We noticed
a tendency of the NCF free-standing tip with the polymer to have lower resonance frequencies
and displacement amplitudes as compared to the stripped polymer NCF. We conclude, that for
the sake of higher resonant frequencies and displacement amplitudes, one needs to strip the
fiber. In addition to what was said with regards of DC-NCF light confinement, when having the
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polymer shell stripped, light is still kept in the silica double-clad, being surrounded by air.

From Figl4.6] we find the resonance frequency of less than 1 KHz for 12.5 mm free-standing
NCF. In Eq ([4.1.3), the resonance frequency is inversely proportional to the length of the free-
standing tip L2. Thus, in order to have a 1.6 kHz resonant frequency, we decided to decrease
the free-standing length to 11.0 mm. This led to a resonant frequency of 1590 Hz for the free
standing NCF.

Resonant driving waveforms In an ideal case, if a sinusoidal driving waveform was applied
to x and y axes of the piezotube, with a phase shift of 7/2 between them, a perfect circular scan
would be generated (Fig4.7). In reality, the resonator (piezotube with the free-standing fiber) is
characterized by a non-symmetric behaviour caused by slight imperfections inherent to almost
every stage of the probe integration (glue distribution, electrodes soldering, etc.), as well as
by the piezotube quadrants of slightly different radii. An appropriate correction needs to be
developed as described below.

Coming back to the ideal case, the driving waveform would swing the fiber tip with a certain
displacement during the time it is applied. This voltage waveform can be analytically presented
as:

Vi (t) = Viax - sin(27finoqt) - sin(27fiest) (4.3)
Vy(t) = Vinax - sin(2mfioqt) - cos(2mfrest) (4.4)

Where Vy,.x corresponds to the maximum delivered voltage and f,,,q < fres, With fi;,0q being
the frequency of the slowly varying envelope. The applied voltage drives the scan during a time

t:
1

t gTexp: T
mo

(4.5)

with Ty, corresponding to the duration of the fiber scan expansion. The fiber tip will continue
to oscillate. Depending on the quality factor Q of the resonator, it can be more or less damped.
Experimentally we note that the free standing fiber oscillation lasts for some hundreds of mil-
liseconds before the returning to the center of the scan [[69]. A new scan can be only started
again, when the scanning fiber tip is completely halted. A way to decrease this relaxation time
is to perform active braking, with this we will show that the relaxation time can be shorten from
500 ms to 12 ms.

4.1.4 Resonant braking

Fiber active braking is governed by the same principles of a driven harmonic oscillator. A me-
chanical strain induced by the applied voltage forces the free-standing fiber tip to oscillate. Let’s
call this strain - expanding strain. After the driving voltage is removed, the oscillating tip mo-
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Figure 4.6 NCF resonant frequencies of a 12.5 mm free-standing NCF tip. A short piece of fiber
(1=30 mm) was fixed with a magnetic clamp on a shaker unit. The curves represent the fiber deflection
amplitude versus scanning frequency. The blue one corresponds to the NCF with the polymer layer
around the silica double-clad (DC). The red one depicts the case of the NCF without the polymer shell.
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Figure 4.7 Driving voltage waveform without active fiber motion braking. During the period of ex-
panding, the fiber filles a circular shape scan pattern with spirales, starting from the center of the circle,
red arrow in (a). From 0.8 s till 1.0 s, the driving voltage removed, but the fiber end still moves, slowly
decaying, green arrow (a). During the rest time, the fiber end returns to the center and stabilizes, orange
arrow in (a). Afterwards, a new scanning cycle can be started (b) [69].
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4.1. THE SCANNING MECHANISM

tion decays with its natural damping time. At this very moment, if another strain is applied with
a frequency matching the natural damping frequency of the free-relaxing fiber tip (but with a
90 degrees phase lag to the expanding strain), the fiber motion can be quickly stopped. For
convenience, let’s call the second strain - braking strain.

The exploited motion braking procedure forecasts three main stages: 1 - fiber end at its
maximum amplitude, 2 - braking strain halts the movement, 3 - the fiber tip rests during some
short time needed to return to centre and to stop completely [63}/65}/66,107,[108]. In Fig/4.8]
we depict a numerical representation of driving waveforms for the fiber resonant movement
braking [108]. In the very beginning, the fiber moves at its maximal displacement. At this
moment, the braking strain is induced by a square-shaped driving voltage. The braking time can
be reduced by increasing the braking voltage. In this work, we managed to completely stop the
fiber movement in 12 ms, which at 1600 Hz takes only ~ 19 spirals. However, some corrections
and additional parameters must be introduced for a good control of the fiber resonant braking,
in order to avoid discrepancies between two successive scans.

1- >t 11—

| | |
| | / \ |
Braking Drive

SFE Tip

Displacement

Time

Figure 4.8 Scanning algorithm. Taken from [108].

4.1.5 The scan corrections

The theoretical principles of fiber resonant scanning seem clear, however, once it comes to prac-
tical applications, the system fails to thoroughly follow the commands. There exists a so-called
transistory regime, when the fiber tip doesn’t follow the driving voltage modulation curve [69].
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CHAPTER 4. FAST SCANNING ENDOSCOPE

This regime’s duration is approximately equal to Q/f,es, as shown in [[109]]. It can degrade the
image in the center, if assuming a perfect obeyance of the fiber tip to the drive during image
reconstruction. However, an active feedback from the scan pattern can help to correct the dis-
tortions caused by the transistory regime. This feedback can be provided by a position sensing
detector (PSD). The 2D displacement maps of the laser spot on the PSD are recorded and used
to reconstruct the images. Besides, when driving only the y-axis, the fiber tip moves in the x-axis
as well. This is caused by the fact that at the resonance the two axis are coupled. Furthermore,
the resonant frequencies of the two axis are not the same, but differ by a couple of Hz, leading
therefore to a non-circular scan pattern. However, there is a way to make appropriate correc-
tions and finish with a perfectly circular scan. This difference of mechanical constants between
the two axes is also present while considering a symmetric braking along the x and the y axis.

Expanding strain The coupling effect of the two axes at resonance is called whirling. When
driving the free-standing fiber tip only in one axis far from the resonance, its displacement pre-
dictably occurs only along the driven axis, as can be seen in Figl4.9h,c. In contrast, at resonance,
the fiber displacement takes an elliptical shape. This effect complicates the control of the scan
pattern. A well described solution for the whirling effect has been introduced [107]], further
developed and applied [|69,{106}/109].

1580 Hz

a) b) c)

Figure 4.9 Resonant scan [69].

The mechanical resonator is composed of the fiber and the piezo, has another pair of com-
pletely decoupled axes, called eigen axes. One has to drive simultaneously both pairs of piezo-
tube electrodes to excite the resonator along an eigen axis. The real axes (electrodes) coordi-
nate system can be transformed into a system of so-called virtual axes rotated by an angle 6
(Fig4.10). The new coordinate system is then described by orthogonal vectors éx and éy :

ex = cos(0)éy + sin(f)ey (4.6)
ey = —sin(f)e; + cos(f)e, (4.7)

The virtual electrodes Vx and Vy have to be driven along the eigen directions ¢y and éy. In
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4.1. THE SCANNING MECHANISM

order to drive only one virtual electrode Vy:

Vx (t) = cos(wt) (4.8)
with Vy = 0 it is necessary to drive both real electrodes with the waveforms:
Vz(t) = cos(wt) cos(0) (4.9)

Vy(t) = cos(wt) sin(6) (4.10)

At certain angles 6 which defines the eigen axes, the whirling effect disappeares and the fiber
tip moves along a line (X or Y, Fig/4.11). An iterative process is used to determine the angle 6
for driving the piezo solely along its eigen axis.

a) b)

Figure 4.11 Fiber whirling motion at the resonance. The fiber end driven along the real electrode
(y-axis, (a)). Whirling is compensated by driving along the virtual electrode Vy (b). Superposed x and
y axes in case of the two virtual electrodes Vx and Vy separately driven (c) [69)].

One more correction should be addressed in for the fiber resonant expanding. This one
is related to a slight difference in the resonant frequency along the x and y axes. Fig
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CHAPTER 4. FAST SCANNING ENDOSCOPE

depicts the frequency response (in amplitude and phase) of a driven harmonic oscillator, whose
mechanical resonant frequency differs in the x and y axes. The phase response shows a 7 phase
shift when scanning in frequency through the resonance. At the resonance, the oscillator is 90
degrees out of phase with respect to the driving waveform. After the resonance, the phase lag
becomes equal to 7. If driving the fiber at a frequency residing in-between the two x and y
resonances, an additional phase correction must be done. Otherwise, the angle between x and
y axes will not be 90 degrees, resulting in an elliptical scan pattern.

This correction can be addressed by introducing an additional phase on one of the axes:

Vx = cos(wt) (4.11)

Vy = sin(wt + ¢) (4.12)

It is possible to find an appropriate ¢ angle iteratively provided with a feedback on the scan
shape by means of a PSD or a CCD camera.

In summary, in order to obtain a circular scan, we first find the resonant frequencies sweeping
the driving frequency individually for x and y axes. Then, an appropriate value of # must be
identified, such that the orthogonal driving axes can be decoupled. If the resonant frequencies
for x and y differ, a so-called relative phase ¢ has to be defined in an iterative manner and added
to correct for the phase lag between the axes. In the end, if the deflection in one of the axes is
stronger, we can compensate for it by slightly changing the driving waveform amplitude. Finally,
it is possible to obtain a circular scan pattern (Fig/4.13).

The second stage deals with the braking corrections, which are meant to provide a minimal
scan amplitude in-between two successive scans. Some of the expanding strain correction pa-
rameters are compatible with the braking ones (same 6 angle ). However, most of them should
be separately considered.
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Figure 4.12 Amplitude (a) and phase (b) dependence when sweeping the frequency accross the x and y
axis resonances [69].
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Figure 4.13 Round scan [69].

Braking strain Fiber resonant braking requires specific corrections. The 6 angle remains the
same as in case of the expansion strain, since the virtual electrodes of the oscillator are the
same for expanding and braking. A new parameter shall be introduced which corresponds to
a 90 degrees phase shift to the expanding strain called ¢ppnhase. Besides, in the case of braking,
the two axis x and y are phase lagged in response to the braking strain. The compensation
parameter for the phase difference between the x and y axis is called ¢;e1 hrake- These two phase
parameters (¢bphase aNd @rel brake) are optimized in an iterative procedure.

The optimal braking times t, and ty, can be a little different for the two axes. These times
can be reduced by increasing the braking voltages Vi, ake(x) and Viake(y). The final correction
is meant to match the natural damping frequency of the relaxing fiber end with the braking
strain frequency. Similarly to the situation with the braking times and amplitudes, the braking
frequency is different for the x and y axes.
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Figure 4.14 Fiber resonant braking measured with the PSD. Driving voltage profile versus the scan
time (a). The sinusoidal waveform applied during imaging time (100 ms), followed by the linear profile
for the braking (13 ms). The total amplitude of the scanning beam recorded by the PSD (b).
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In summary, the braking procedure starts after the scan corrections have been introduced.
At first, the braking voltage amplitudes (Vprake(x) and Virake(y)) are put equal to the amplitude
of the expanding waveform. The braking times (tx and t,) are selected to be in the range of
10-20 ms. The braking frequencies (fi;ake(x) and fiake(y)) are swept around the fiber resonant
frequency (f;.s = 1600 Hz) individually for x and y axes. By looking at the x and y axes braking
amplitudes captured by the PSD, the coarse f},;axe(x) and f,axe(v) can be found (Fig. The
next step is to find the appropriate ¢pphase and @rel brake i an iterative manner. The introduced
corrections are followed by another cycle of fine tuning of the described phase and frequency
parameters. Finally, the braking time and the residual amplitude can be minimized by tuning

the braking voltages (Fig/4.16).

i i l -4~ _ - _ .
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Figure 4.15 Fiber resonant braking measured with the PSD. The x and y axes fiber resonant expanding
and braking is shown individually for each axis (a) and (b). The abscissa indicates time in milliseconds
and the ordinate corresponds to the scan amplitude. During the expanding time of 100 ms the fiber is
deflected, driven by the expanding strain. Imaging is performed from Oth until 100th ms. The braking
activated from 100th ms until 113th ms.
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Figure 4.16 Fiber resonant braking measured with the PSD. The x and y axes fiber resonant expanding
and braking is shown individually for each axis (a) and (b). The braking parameters well defined.
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4.2. HARDWARE AND SOFTWARE DEVELOPEMENT

4.2 Hardware and software developement

The imaging control LabView programme as well as the Matlab algorithms for image reconstruc-
tion were written by Alberto Lombardini. I developed myself the high speed imaging softwares.
In fact, when scanning at 8 frames/sec, the previously used LabView code was not optimal.
It was working slower because of the execution of some unnecessary operations and verifica-
tions. The transmission of big data from the acquisition card to PC was not efficient as well.
Thus, we had to review the main algorithm of the control code and to replace a USB (National
Instruments) acquisition board by a much faster express PCle National Instruments board.

Nevertheless, the main principles of image formation and reconstruction were maintained.
This includes the simultaneous scanner driving and signal acquisition and the use of a position
sensing detector (PSD) for the driving voltages mapping and calibration.

4.2.1 Open-loop imaging procedure

Generally, the fiber scan motion can be controlled with the so-called closed-loop and open-loop
approaches (Fig/4.17). In the closed-loop, the scan’s spatial positions are measured simultane-
ously with the sample generated signal collection and image reconstruction. However, there is
no need to measure the positions for each successive scan. The stability and self-repeatability of
the scan pattern allows to acquire only once a list of positions assigned to appropriate pixels of
an image (open-loop). This set of positions is stable and can be used for a whole day of imaging.
However, the scanner’s frequency response may slightly drift with time because of temperature
change. Thus, a day-to-day system calibration is usually required.
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Figure 4.17 A schematical representation of the image construction algorithm. The first operation
entitles the laser beam’s spatial positions measurement and conversion to pixels. This list is then used
to construct an image based on the signal captured by the detector (PMT).
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4.2.2 Data acquisition device

Our data acquisition device (DAQ) executes two operations: voltage driving waveforms gener-
ation and simultaneous signal acquisition. At the beginning of my PhD work the used National
Instruments USB acquisition card (NI-USB6351) could only drive two piezotube electrodes, as
this board possessed only 2 Analog Output (AO) channels. The first demand for the DAQ was
4 AO channels, which would double the scanning amplitude once driving all 4 electrodes at the
same time. The second and the more important requirement was the type of data transfer. USB
acquisition boards of X-series (National Instruments) can transfer maximum 32 MB/s at USB
2.0 and 250 MB/s at 3.0. In comparison, a PCle 6363 express board (National Instruments)
employs another data transfer mechanism called Direct Memory Access (DMA). With this board
the maximum of the data transfer speed attains 4 GB/s. Besides, this board has 4 AO channels
and 16 analog input (AI) channels. To conclude on the chosen PCle 6363 acquisition board:

e Max sample rate for 1 Al channel: 2.0 Msamples/s

e Max sample rate for 3 Al (positions acquisition) channels: 0.66 Msamples/s

e Max sample rate for 1 AO channel: 2.86 Msamples/s

e 4 AO channels

e 16 Al channels

e Data transfer: DMA (gather-scatter), max 4 GB/s.

4.2.3 Imaging software

The custom-written LabView software controlling the NI board was developed by Alberto Lom-
bardini inspired by a Labview program of Patrick Ferrand (Institut Fresnel) [[110].

The software performs two main tasks: scan pattern calibration and imaging. It synchro-
nizes the driving voltage waveforms (scan generation) and the signal acquisition. This is done
by an internal analogue trigger (NI board), which starts all the tasks at the same time. The
sampling rate of the board is defined by the pixel clock. When working with analog signals
(one-time voltage measurement), the sampling rate should be the highest possible, since it im-
proves the signal to noise ratio (SNR). In contrary, digital channels store the number of delivered
transistor-transistor logic (TTL) pulses (given by detected photons). Thus, the SNR does not de-
pend on the sampling rate. However, the readout frequency should be high to keep up with the
signal excitation speed to provide the correct intensity-pixel attribution [|69].

For the fast frame/rate scanning, to speed up the imaging software, we had to remove all the
computation operations from the main loop. All the intensity vectors built up and image display
had also to be done outside the main loop. To increase the main loop execution speed, the
Enqueue logic was used. Briefly, it works based on a so-called first-in first-out (FIFO) principle.
The elements to read by the main loop are put in a queue, where the first added element is read
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first an so on. This improvements in combination with a PCle X-series (National Instruments)
board have permitted to equalize the signal acquisition speed with the scan physical rate.

Positions acquisition and calibration The fiber tip trajectory is read out with help of a
position sensitive detector PSD (PDP90A, Thorlabs). The beam from the fiber output is focused
on the detector sensitive area of 9x9 mm?. Three recorded analogue signals Ax, Ay and %
represent the fiber spatial position in x-y axes, with ¥ being the sum of the two. To provide
correct position measurements avoiding detector’s saturation, > voltage should be under 4V
(Figl4.18). The beam positions are retrieved using the equations:

Ly - Ax Ly - Ay

Ty YT oy (4.13)

Where x and y correspond to the detected beam positions, L, and L, represent the size of the
detector sensitive area (9 mm). If the three signal are acquired simultaneously at 250 kHz, it
means that one measurement is taken every 4 us. When imaging at higher sampling rates (1
MHz), we interpolate the position vectors, assuming them to be linear. Such that if the signal
intensity is measured every 1 us, it is attributed to a unique scan position. Resuling in a finer
spatial sampling.
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Figure 4.18 The PSD detected voltage traces. (a) The red and green curves correspond to x and
y positions on the detector. The blue curve depicts the total incident intensity used for x-y signals
normalization. The beam position in x-y plane (b). Image taken from .

Image reconstruction The image reconstruction is done a posteriori in a custom-written
Matlab software. The number of pixels in an image can be chosen by the user. In order to
avoid unsampled (empty) pixels, the number of pixels Ny;.1s should be selected in accordance
with a relation: fies - Texp = Npixels, Where Teyp, corresponds to the expanding wave duration
(described in Eq[4.5). The excitation spot spatial coordinates measured with the PSD are stored
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as a list of x-y scan coordinates transformed into pixels. The same scan pattern is reproduced
on the sample. The nonlinear signal collected either by photon counters (PMTs) or analog
detectors, is transferred to the NI board. Then an intensity vector which has the same size as the
two spatial coordinates vectors is created. The synchronization between scan generation and
signal acquisition allows for correct signal intensity attribution to corresponding pixel at any
time t of the scan.

In resonant spiral scanning, the fiber tip moves slower in the centre and faster at the edge
leading to unequal signal sampling. Uneven sampling in the centew of the image and at the
periphery requires intensity normalization (Fig/4.19). For this purpose, we build two matrices:
one with measured intensities and the other one with the number of measurements done for
each pixel (sampling). After the vectors read-out, the intensity values are normalized by the
pixel sampling matrix. A normalized image of a binary USAF-1951 resolution chart demonstrates
the performance of the reconstruction procedure.
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Figure 4.19 Image reconstruction algorithm. A pixel list is built from the spatial scan coordinates
measured with the PSD. The measured nonlinear signal intensities are assigned to the pixel coordinates
and normalized for each pixel. An example of normalized image from a USAF chart [69].

4.2.4 Voltage amplification

The NI board delivers 20 V peak to peak only: in order to achieve large FOVs we employ
voltage amplifiers. Thus, we have ordered E-835.00 (DuraAct, Physik Instruments) broadband
(>4 kHz) amplifiers, which can transform the NI board generated +10 V into -100 V and +250
V correspondingly. These amplifiers have been enclosed in a box (Fig/4.20). A simple and safe
to use 5-pin adaptor terminates the 4 amplifiers output voltage and ground (Fig[4.21)).
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Voltage
Amplifiers

NI board

-100 Vto +250V

-10Vto +10V
Figure 4.20 A schematic view of 4 voltage amplifiers (E-835.00 from PI) enclosed in an isolated box.

Figure 4.21 A photograph of 4 voltage amplifiers (E-835.00 from PI) enclosed in an isolated box with
ventilation.
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Off-axis aberrations We have examined the off-axis degradation of the focal spot for differ-
ent FOVs. Since, if the beam intensity profile is changing along the scan area, this will result
in a reduced sample excitation at the periphery. Thus a signal reduction at the circumference
can be seen, once doing imaging in homogeneous solutions like fluorescein, for instance. From
Figl4.22] we can deduce that on the optical axis (center) the spot looks diffraction limited with
the intensity profile represented by the Airy disk. Up to 250 ym away from the centre, the fo-
cused spot does not change. However, at 350 um and further the beam profile degrades and
becomes asymmetric. We can estimate a minimum aberration-free area of 500 ym diameter,
which becomes a ~315 pm circular FOV with M=0.63 of the mini-objective magnification [[69].

center 0.25 mm 0.35 mm 0.45 mm

Figure 4.22 Off-axis abberation of the focal spot. The fiber is moved laterally with respect to the
mini-objective. The beam intensity profile degrades significantly after being moved by more than 350
pm [69)].

4.3 Conclusion

In conclusion, the demand for the scanning speed and signal collection increased miniaturized
endoscope has been met. Starting with a new 1.5 mm outer diameter miniature piezo-electric
tube, we have developed a methodology and a technology to generate, control and correct a
spiral scan of the fiber tip. The high frame scan condition was fulfilled by developing the fiber
motion resonant braking. All the necessary corrections for the scan repeatability were described.
A custom-made software and the appropriate hardware were implemented. With the developed
scanner, the mechanical properties of the NCF, as its resonant vibration frequency were studied
and characterized. This resulted in an imaging endoscope performing images with a resolution
of 0.8 microns over a field of view of 350 microns with a speed of 8 frames/s. In the next
chapter we will incorporate this scanning unit into a 2.2 mm diameter distal endoscope probe
and present the first CARS imaging results.
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Chapter 5

Design and assembling of a

prototype

We dedicate this chapter to the integration of a miniaturized portable probe, whose working
principle was described in Ch[4 The integrated probe design was conceived at XLIM institute
(Limoges, France). As a result of our collaboration with Frederic Louradour and Marc Fabert,
we were able to tailor their technological know-how to our particular demands dictated by the
desired design of a probe. In Sec/5.1] we recall the main requirements for the probe. We will
discuss the importance of the silica microsphere sealing on the fiber core in Sec/5.2] Then we
will move to the probe integration protocol (Sec/5.3)). And finally, we will present the results of
the first tests of the integrated probe in Sec|5.4

5.1 Miniature scanner design requirements

In order to access different hollow organs with the endoscope distal part as thin as possible,
we have scaled down the size of its components without negative consequences on the imaging
performance.

Piezo-electric tube The endoscope we described in Chl2] consists of a piezotube of 3.2 mm
external diameter. In order to miniaturized the probe, we have chosen to use a quartered piezo-
electric tube (microtube, PI, Germany) of 1.5 mm (outer diameter, OD), 0.9 mm (inner diameter,
ID) and 10 mm length.

Mini-objective external shell We have already described the custom-designed mini-objective
in Sec[2.3] There are four 2-mm thick lenses in this mini-objective that have to be stacked up
in its assembly. The only requirement for this mini-objective is to have the possibility to be dis-
mounted when needed. We have retained a biocompatible metal tube holding the mini-objective
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and threaded into the probe body. With this design, the mini-objective is easily accessible for
cleaning or replacement.

5.2 Silica microsphere sealing on the fiber

The silica microsphere focuses a 20 ym diameter modal area from 30 pm fiber core into 1
pm spot, increasing the core NA from 0.02 to 0.4. With this we have shown (Ch[3) that it is
possible to perform high resolution imaging over >300 ym FOVs. Such a glass microsphere
can be attached to the fiber core just by simple pressure between the fiber output facet and the
targeted microsphere deposited on a substrate. The microsphere is then held inside the core
by electrostatic forces. It remains in the core even at high deflections of the fiber tip during
imaging. Nevertheless, for the integrated probe, in order to make sure the microsphere remains
firmly attached to the the fiber core, we have fused it to the fiber core by means of a CO, laser
splicing system. This task was done at IRCICA institute (Lille, France) in collaboration wih
Alexandre Kudlinski and Damien Labat (IRCICA).

Laser splicing CO- lasers are frequently used for glass materials processing including optical
fibers. A typical CO9 laser emits at 9.4 ym. This electromagnetic radiation can be absorbed by
glass and transformed into heat, which in turn will melt the glass.

We used the LAZERMaster LZM-100 Laser Splicing System provided by Association France
Laser (AFL). With help of the LZM-100, optical fibers can be spliced, tapered, etc. A CO- laser
used in this system provides a good control on the heat affected area. Thus, we were able to
slightly melt the silica microsphere, preserving its spherical shape for an aberration-free focusing
at the fiber output. At the same time, the fiber cladding glass tubes structure surrounding the
core was not affected by the heat.

A view of the microsphere sealing is shown in FigJ5.1] The NCF with the microsphere sealed
in its core appears from the left hand side. The COs laser is focused over a 300 um area
(from x and y directions). A single mode fiber (SMF) on the right serves as a local heat source
in front of the microsphere. The effect of local heating in SMFs appears when a high power
radiation incident to the fiber reaches a certain threshold [[111]. If the optical power exceeds
the threshold, the fiber absorption will be strongly increased due to the thermal effect and it
will fuse in the opposite direction to the applied illumination. However, if the optical power
limit is not broken, the fiber will absorb the radiation transforming it into heat and transfer the
generated heat forward (on the glass microsphere in our case).

We had to adjust the machine parameters, for example the laser radiation intensity, its du-
ration or the distance between the NCF and the SMF. These parameters were not the same as
for the case of the previously used Kagomé fiber sealing. There are several reasons for that.
First of all, the NCF had a much bigger silica double-clad, hence it was absorbing more the CO,
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Figure 5.1 Silica microsphere sealing on the NCF core. LAZERMaster LZM-100 Laser Splicing System
(AFL) with a CO. laser provides a perfect control on the sealing procedure. Minimal exposure time and
radiation intensities chosen for a careful microsphere attachment. Two orthogonally placed cameras give
a good lateral overview on the local heat source SMF and the NCF with the microsphere on its core.

laser light. Secondly, the structure around the fiber core in the NCF and the Kagomé fiber differ
significantly. We tuned the parameters such as the laser radiation intensity and duration up to
the point, where the microsphere is fuses to the glass tubes around the fiber core, but with its
spherical frontal shape well preserved. The final result is presented in Figl5.2al The focal spot
made by the sealed microsphere was less than 1.5 um (see Figl5.2b). SEM photographs of the
NCF cross-section (Fig/5.3aand Fig/5.3b) demonstrate the quality of the sealing.

(a) (b)

Figure 5.2 Wide-field microscope image of the NCF and the focusing microsphere sealed in the NCF
double-clad structure (a). A PSF formed by the sealed microsphere at 800 nm (b). Scale bar: 5 pm.
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L x600 100 um L x3,0k 30 um

(a) (b)

Figure 5.3 SEM photographs of the NCF with the focusing microsphere attached by the COq laser
sealing (a) and zoom on it (b).

5.3 Portable miniaturized probe

The integration of a portable light-weight miniature probe was executed at XLIM institute (Limo-
ges) in collaboration with Frederic Louradour and Marc Fabert. Marc Fabert conceived its final
design and developed a detailed protocol for the integration procedure. With him we performed
the manual assembly of the probe.

Assembling protocol The probe integration procedure requires high concentration and care,
because of the irreversible nature of many steps. First of all, the NCF fiber to be integrated in
the endoscope probe, comes already with a sealed focusing microsphere on the fiber front facet.
It results that the fiber end cannot be re-cleaved in case of unwanted damage.

The assembling procedure starts by checking if the fiber passes well through two concentric
ceramique holders which are meant to keep the fiber threaded in the center of the piezotube
(Fig/5.4). The DC-NCF with a protecting polymer layer on top has a diameter of 450 microns.
It passes through the back-support ceramique holder with 550 ym hole. We strip the polymer
shell over 11 mm at the distal end of the fiber. The stripped fiber tip of 250 pxm should pass
through the front holder and remain centered in the piezotube.

In the meantime, we soldered four slim electric cables to the piezotube’s electrodes. The
electrode terminals have to be clean and flat, to fit the final enclosing metal tube and to avoid
crosstalk among the electrodes. We also glued the mini-objective in a removable objective part.
The metal tube of this mini-objective has been designed in such a way that only the very distal
lens is glued. The rear most lens is held on a little nib made in the mini-objective metal tube.
To assemble it, we just stack the second and third lenses on it, finishing by the fourth (last one)
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which is glued to the metal tube with a UV glue.
Next, we glue the big back-support ceramique holder to the piezotube. The four electric ca-

bles should be straight, dipped into pre-designed little canals on the holder surface. It is critical
to maintain the back-support and the piezotube as straight as possible. Otherwise, this angle
will be conveyed until the final result, and may degrade the performance of the probe.

—~ -N Qint = 0,55 ¢ 7l \
Endoscope scheme GQ / " > <€)
B =22 & \69‘"/ * by
Liotal = 38

Scale: ~7:1(mm)

4]

7.5 Sy 11
[
-1.9 e 1

Figure 5.4 Integration scheme of the portable miniature probe. The distal outer diameter and the rigid
length are: 2.2 mm and 38 mm respectively. The NCF scanning tip is 11 mm long.

The rigid length of the compact miniature probe (see Figl5.5) doesn’t exceed 40 mm with
2.2 mm distal outer diameter. This size factor is suitable for entry into conventional colonoscope

and gastroscope working channels [[112].

Figure 5.5 Integrated probe.

Assembly constraints The integrated probe described above results from several trials and

corrections. We describe below the most crucial steps.
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e Soldering the electrodes: It is important to make very smooth and flat solderings to
avoid a crosstalk between the axes of the piezotube. Inadequate soldering will complicate indi-
vidual axis control, leading to uncontrolled scan forms.

e Concentricity of all the elements: This is the most critical part of the probe assembling.
Starting from the back-support ceramic holder, the fiber threaded into the piezotube and the
mini-objective,— everything should be on the same axis. An example of the probe with an angle
between the fiber with the focusing microsphere and the mini-objective is shown in Fig/5.6] We
clearly see a line intead of a point on a CCD camera.

e Voltage on the piezotube : the piezotube described in Ch/4|can induce a displacement
of the fiber tip of up to 1 mm at 75 V (peak-to-peak). With the mini-objective magnification of
0.63, it will make a ~600 pm circular scan on the sample. However, the NI board generated
10 V can be amplified by the voltage amplifier (PI, Germany) by up to -100 and +250 V. If the
driving voltages exceed +100 V, the fiber may touch the board of the metal sheath or, in the
worst case, the focusing microsphere may be detouched from the fiber core.

Figure 5.6 Example of an aberrated focal spot in case of an angle between the fiber and the mini-
objective.

5.4 Integrated probe performance

In this section, we will show the results of basic imaging performance tests of the integrated
probe. This includes imaging of the USAF-1951 transmission chart and CARS vibrational imaging
of 5 yum polystyrene beads in forward and epi-detection.
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Image of the focal spot Figl5.7a)) shows the focal spot of the pump beam (800 nm) on a
CCD camera (Thorlabs), whereas the 1040nm focused spot is shown in Fig/5.7b). Both beam
have a symmetric round shape geometry.

(a) (b)

Figure 5.7 Focal spot after the complete integration. Focal spot created by the integrated probe at 800
nm (a) and 1040 nm (b) of the laser beam propagated through the probe’s NCF. Scale bar: 10 pm.

5.4.1 Imaging of calibrated samples

After having checked the focal spot quality, we can precisely measure the FOVs for different
voltages applied to the piezotube. At the same time, it allows us to verify the scan conformity at
different deflection amplitudes and different frame rates. We perform transmission imaging of
a negative USAF-1951 chart. As can be seen in Fig/5.8] even at a speed of 8 frames/sec the scan
remains stable and self-reproducible. We have selected the element 5 from the group 5. After
the pixel-to-micron conversion, we find the FOV = ~200 um at 40 V (peak-to-peak) applied to
the piezotube.

5.4.2 CARS imaging

We show here that the designed probe can perform 8 frames/sec CARS imaging. On a glass
standard coverslip we deposited a solution of 5 ym polystyrene beads generating a very strong
CARS signal at ~2850 cm~!. We still use the Coherent Discovery laser to provide the 800 nm
and 1040 nm pump and Stokes beams. Fig[5.9a) shows a CARS transmission image of the beads
with 12 mW total average power on sample with a neutral density filter before the detector
(PMT). The epi-detected signal (Fig/5.9b) was excited with 8 mW of the pump (800 nm) and 4
mW of the Stokes (1040 nm) average power.
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S—

Figure 5.8 USAF-1951 negative transmission chart imaging (group 5, element 5).

(b)

Figure 5.9 CARS imaging of 5 um polystyrene beads at 8 Hz speed acquired with the developed fiber
endoscope probe. Total average power on the sample was 12 mW for both forward (FWD) (a) and epi-
detected (b) CARS signals. However, a neutral density filter was placed in front of the detector (PMT,
Hamamatsu), when FWD collecting.
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Ex-vivo CARS imaging of mouse spinal cord A 1-mm thick and 2-mm long piece of
mouse spinal cord was placed on a thick microscope glass plate (1 mm) and covered by a 100
micron coverslip. The sample was illuminated with 800 nm pump and 1040 nm Stokes beams.
CARS images of myelin sheaths were obtained at 8 frames/sec scanning speed (Fig/5.10).

Figure 5.10 Spinal cord ex-vivo CARS image (epi-detection). Power: Apump=12 mW, Agokes= 12 mW.
Scanning speed: 8 frame/s. 10x averaged; 1.25 s total acquisition time.

5.5 Summary and conclusions

In this chapter, we have described the steps to integrate the portable probe. We have fulfilled
the requirements for miniaturization and system robustness by introducing an improved probe
design with a small (1.5 mm OD) piezotube and by sealing a focusing microsphere at the NCF
fiber output facet. The final result is a 37 mm x 2.2 mm cylindrical probe performing high
quality imaging with a resolution of 0.8 microns over a field of view of 250 ym at a maximum
speed of 8 frames/s. We finally demonstrated that this probe can perform CARS imaging of
5-pm polystyrene beads and ex-vivo mouse spinal cord through the DC-NCF.

In the next chapter, we present the results of TPEF brain fluorescence imaging in an alive
mouse with our miniaturized endoscope. We targeted the activity of GFP labelled neurons in
mouse hippocampus.

79



CHAPTER 5. PROBE DESIGN AND ASSEMBLING

80



Chapter 6

In-vivo deep imaging of GFP-labeled

neurons

This chapter is dedicated to the application of the NCF endoscope for TPEF imaging of green
fluorescent protein (GFP) labelled neurons in mouse hippocampus. We will describe the current
challenges faced when recording the neuronal activity in live mice (Sec6.1). Specifically for in-
vivo imaging we will design and develop a vertically oriented translation platform enabling high
precision lateral and axial displacement of the endoscope (Sec[6.2). The mouse preparation,
skull surgery and maintenance during the imaging procedure is presented in Secl6.3] We will
discuss the results obtained after TPEF calcium imaging of an anaesthetized mouse (Sec6.2.1)).

6.1 Optical neuroimaging

In the beginning of 70es, O’Keefe and Dostrovsky studied the behaviour of a rat with hip-
pocampal damage, which revealed the spatio-temporal mapping function of hippocampus [[113]].
Electro-physiology recording of the animal’s reaction to its spatial orientation, has shown that
depending on the direction of movement a specific group of neurons responsible for this orien-
tation was activated. This brought the scientists to a conclusion that the mammalian brain is
provided with the information about the environment surrounding by hippocampus neurons.
Recently, the advances in optical imaging combined with genetically encoded fluorescent
markers have allowed to overcome the limits of electrophysiology [[114]. TPEF microscopy [50]]
has enabled high resolution, intrinsic sectioning imaging of brain which have led to the discov-
eries of complex mechanisms occurring in mouse brain [[115,116]]. The TPEF neuroimaging
of the hippocampus has been performed in-vivo with the use of a cranial glass window with a
removal of the upper cortical layers which can increase the imaging depth limited by light atten-
uation and scattering in brain tissue (Figl6.I). The necessary alteration of the cortex structure
has been circumvented when reducing the objective’s effective NA [117]]. By underfilling the
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back-aperture of a high NA (1.0) objective, TPEF imaging of the hippocampal CA1 region has
been performed.

It has been proposed to move the excitation wavelength towards 1300 nm and 1700 nm
[118,[119]. This permitted to reduce tissue scattering and enabled three-photon excitation
(3PE) using a new generation of calcium indicators [118][120]]. A recent study has reported an
unprecedented depth (~1 mm) by 3PE imaging in the hippocampus pyramidal layer of an intact
mouse brain (Figl6.1). Furthermore, multi-color TPEF and 3PE neuroimaging have
allowed to benefit from the rapid development of genetically encoded calcium indicators [[120].
The axial scanning has become accessible with the application of electrowetting lenses in a
miniaturized TPEF microscope [123]].

Mouse brain

Develsping Mouse, P56

Allen brain Atlas

Figure 6.1 Imaging depth into the mouse brain using 1-photon (OPE — black), 2-photon (TPEF — blue)
and 3-photon (3PE — green) fluorescence. A GRIN lens (1 mm) illustrated in the same graph is typically
used for deep brain imaging (the GRIN lens can be inserted at any depth).

In spite of these advances, brain imaging becomes impossible when going deeper than the
photon transport (TMFP) mean free path [124]. At such depths the incident photons can-
not preserve the information about their initial direction heavily complicating energy conser-
vation and focusing [[125]. For the purpose, to increase the imaging depth, gradient index
GRIN lenses have been used [[126H130]. Their outer diameter varies from 500 pm until 2
mm (Figl6.1] and Figl6.2). These lenses are used in combination with long-working distance
microscope objectives, relaying the focal spot deep into the brain. So far, most of in-vivo hip-
pocampus imaging has been done with relay GRIN lenses [127,[130]. Higher depths are also
achievable, shown in lateral hypothalamus [131]] and arcuate nucleus [132]. Nowadays, the
hippocampus function has been investigated in head-restrained (Fig/6.2h,b) and freely moving
(Figl6-2k,d) mice mostly with the GRIN lenses based miniaturized OPE fluorescence
microscope [[129][134]]. This device dedicated to neuronal activity imaging in behaving mice
was commercialized (Inscopix, US) (Fig d). The major part of TPEF advances have been
combined in a miniaturized microscope based on Micro-Electro-Mechanical Systems (MEMS)
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mirrors [[135]. The authors have demonstrated high resolution (0.64 pym spatial and 3.35 pym
axial ) and frame rate (40 frames/s) in-vivo cortex imaging of a freely behaving mouse.

HEAD FIXED FREELY MOVING

\ / 2photon excitation (2PE) \
(c) FoV 100um x 100um

Fixed imaging depth ~ 200um

2photon excitation (2PE)
Diameter 350um
FoV 50um x 50um

Levene J NeuroPhysiol 2004
Sawinsky PNAS 2009

N

Dual axis 2photon excitation (2PE L
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Figure 6.2 Common solutions employing GRIN lenses for in-vivo brain imaging. Head-fixed geometry

(a,b) [127] , miniaturized microscopes for freely moving experiments (c,d) [130,/137]. OPE and TPE
have been demonstrated (d), only OPE: (a, b, ¢). A commercialized OPE (Inscopix Inc.) head-mounted
miniaturized microscope often used in neuroscience (d). Inset in b shows GRIN lenses diameters.

The described above solutions have pushed the in-vivo visualization of mouse brain activ-
ity. However, they still lack many important features inaccessible for these complicated setups
working in OPE regime.

e The first complication comes from the difference of the mouse behaviour in restrained
head experiments (Fig[6.2] a,b). The place cells activity alteration was reported in a head-fixed
mouse as compared to the case when the animal was freely moving being able to express socially
activity, signs of anxiety or fear [138}[139].

e Second, OPE deep brain imaging lacks optical sectioning which in combination with
background fluorescence limits the investigation of the activity in densely populated brain layers.
This drawback can be suppressed using TPE, however the latter requires a bench top setup
and head fixation (Figl6.2] b), with a single exception reported on a head-fixed miniaturized
microscope limited by a fixed penetration depth (Figl6.2]¢) [137]]. With reduced photo-toxicity
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and photo-bleaching TPEF approach remains much more advantageous for in-vivo calcium flow
dynamics in axons and spines.

e Most of the described above imaging solutions rely on Micro-Electro-Mechanical Systems
(MEMS) mirrors for sample scanning. Despite the MEMS’s capability to scan fast over the sample
area (>60 Hz), these systems remain very complicated to fabricate. The complex architecture,
fragility and high cost handicap their application in miniaturized probes. Inversely, piezotube
based endoscopes perform equally good, at the same time being very robust, simple and cost-
effective [[140].

6.2 NCF endoscope for TPEF imaging of GFP-labelled neurons

In this section we will address some of the challenges related to neuroimaging. We will use the
scanning tip endoscope developed during this PhD thesis for the application in mouse hippo-
campus TPEF imaging of calcium indicators (GCaMP6). These are commonly used GFP-based
Ca?* probes which can be genetically encoded [141].

6.2.1 Ex-vivo imaging of mouse brain

Mouse brain slices will be tested for the endoscope capability to efficiently excite and collect a
TPEF signal coming from GFP-labelled neurons. The ex-vivo experiments on brain slices are done
in the setup presented in ChJ2| (Fig[2.2). The samples were prepared at Institut de neurobiologie
de la méditeranée (INMED). The GFP viral infection and the mice treatment will be discussed
more in Secl6.3] Herein, we will compare the collection by the NCF and Kagomé fiber based
probes of the signal emitted by neurons.

Samples preparation After extraction, the brain is immersed in a solution of ACSF (an artifi-
cial cerebrospinal fluid) composed in mM of: 126 NaCl, 3.5 KCI,1.2 NaHyPO4, 26 NaHCO3,
1.3 M gCls, 2.0 CaCls and 10 D - glucose, pH 7.4 which allows to conserve the brain. Then it is
glued onto the platform of a vibratum, a device which allows to accurately dissect tissue with a
blade. Thus, it is possible to obtain very thin slices (<100 pm) with a very smooth surface. The
thin slices are kept in the solution which is described above. In order to use the brain slices for
TPEF endoscopic imaging, they are sandwiched between microscope thick glass plate (~ 1 mm)
and thin coverslip (100 ym) with an adhesive spacer.

Imaging through Kagomé fiber Mouse brain slices were first imaged through the Kagomé
fiber endoscope. The signal was collected in reflection by the Kagomé fiber double clad and also
in transmission through a microscope objective (0.6 NA, 60x).
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The samples were excited with 100 fs pulses at 920 nm with a low average power on sample
(30 mW). In the transmission mode, a strong TPEF signal coming from GFP-stained neurons was
collected (Figl6.3a). At the same time, the emitted signal collected and delivered by the Kagomé

(a) (b)

Figure 6.3 Kagomé fiber endoscope brain slices TPEF imaging. An image of GFP labeled neurons
collected by a microscope objective in the transmission mode (a). Power: P=30mW (A=920 nm).
The same sample area excited with P=80 mW (A=920 nm), the epi-collected signal (b). The images
were 10 times averaged. Scanning speed: 0.8 frame/sec. Filters: bandpass (550/100 nm), shortpass
()\Cmfoff =760 nm)

fiber was very weak due to the fiber core losses at the emission wavelength (520 mn). Only few
the most bright neuron cells can be observed in the epi-detection (Fig6.3b)).

Imaging through NCF In contrary to the Kagomé fiber case, the DC-NCF (increased double-
clad with the lossy fiber core, Fig[3.9a) collected signal is much stronger. A mouse brain slice of
100 pm excited with 920 nm is shown in Fig/6.4a). Many neurons spread over a FOV of >300
microns can be seen with a high contrast. In a zoomed image individual axons stemming from
the neuron body can be observed (Figl6.4b).

In Figl6.5, we show a 100 um depth stack of TPEF images. All the white spots represent
individual neuron cells. The dark spots appear at the location of neurons which do not generate
any light, being non-labelled or bleached.

6.2.2 A new DC-NCF with the core improved signal collection

The DC-NCF fiber integrated into a portable probe (Ch[5) can transmit the excitation light
through the hollow fiber core in a broad spectral range (700-1050 nm). However, the emission
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EPI (zoom)

(a) (b)

Figure 6.4 Brain slices TPEF, imaged with the NCF endoscope (a), the same area zoomed (b). Power:
P=80mW (A=920 nm). The images 10 times averaged. Scanning speed: 0.8 frame/sec. Filters: bpass
(550/100 nm), shortpass (Acut—off =760 nm)

signal coming from GFP-labelled neurons (Apeax=520 nm) will experience high propagation
losses, if it is captured by the NCF fiber core (Fig[3.9a). This is a critical point, as the expected
signal collected over a large FOV (<200 um) at 8 frame/sec rate will be weaker as compared
to the case of lower imaging rates (1 frame/sec). The high scanning speed with the scan spread
over a big area leads to minuscule pixel dwell times (<2 us), resulting in a very low SNR in an
individual imaging frame.

Due to a less complicated NCF design (Fig/3.1a)) as compared to the Kagomé fiber (Fig/2.5p),
the NCF fiber core transmission can be re-designed to a desirable spectral range [142]. Together
with our colleagues at IRCICA Lille we have redesign a new NCF optimized for neuroimaging.
This fiber has been already presented in Fig[3.9b). It features a core that transmits both the
excitation 100 fs pulse at 920 nm and collects the generated 450-600 nm light from fluorophores
(Figl6.6). On the top of that this new fiber design includes a double clad (DC) for improved back
collection efficiency. All together this new DC-NCF performs better than previously fabricated
fiber for GFP tagged neurones.

The difference between the new NCF probe with the one described in Ch[5|is that the scanner
and the mini-objective have not been yet encapsulated in a metallic tube. In this free-space
configuration the mini-objective and the piezotube (Figl6.7)) will be held separately in a vertical
position to allow for the mouse positioning.
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Figure 6.5 Ex-vivo GFP labelled neurons from mouse hippocampus. 100-um depth TPEF images taken
with the NCF endoscope. Excitation: P=80 mW sample (A=920 nm). Every image was 10 times
averaged. Scanning speed: 0.8 frame/sec. Filters: bandpass (550/100 nm), shortpass (Acut—off =760
nm).
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Figure 6.6 The NCF fiber core transmission. The fiber core characterized by two spectral bands:
480-580 nm and 700-1000 nm, can efficiently deliver the TPE (GFP) beam and back-collect the emitted
signal.
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Figure 6.7 A new open-space configuration scanner based on the improved NCF.

6.2.3 3D positioning

A free access graphic software (FreeCad) was used to design a vertically oriented platform for
the NCF endoscope. This platform is intended to support a living mouse for in vivo brain activity
measurements. 3D sketches of all opto-mechanical components from Thorlabs, for instance, can
be easily downloaded from the corresponding site. The vertically oriented setup (Figl6.8)) con-
sists of a 1.5 inch pedestal post with a post mounting clamp and a breadboard fixed on it (Thor-
labs). With a micro-positioner (MAX313D, Thorlabs) translation stage fixed on the breadboard,
the NCF endoscope can be 3D translated on the sample during imaging. A lab jack translation
mount (L490/M, Thorlabs) located below the endoscope is used for the mouse placement and
coarse positioning.

6.2.4 Bimodal imaging

With the optimized NCF endoscope TPEF imaging of GFP-labelled neurons can be performed
over a 300 microns FOV. An additional display control is needed to coarsely guide the endoscope
onto the desirable location. The mouse has a cranial window with a metallic cannula in its skull
through which the hippocampus can be imaged. Thus, to facilitate the probe insertion into the
imaging cannula on the mouse head, a high-frame digital microscope (AM73915MZT, Dino-lite)
was used (Figl6.9). With its tunable magnification ranging from x10 until x220 and very long
working distances WD: 60-12 mm correspondingly, the digital microscope helps to guide the
probe in a well-controlled manner (Figl6.10]and Figl6.11).

The bimodal combination of the digital microscope with the NCF endoscope (Fig{6.11)) en-
ables a rapid imaging position adjustment, needed for the observation of different layers and
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y

Figure 6.8 Illustration of the vertical platform for the NCF probe and a lab jack translation mount
(L490/M, Thorlabs). The lab jack is intended to support a living mouse for brain activity imaging.

a) b)

Figure 6.9 Digital microscope (AM73915MZT, Dino-lite) (a), Dinolite macro-positioning holder (b).
Images taken from [www.dino-lite.eu].
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Figure 6.10 The bimodal imaging setup consisting of the digital microscope and the endoscope.

areas of mouse hippo-campus.

Figure 6.11 An image of the endoscope and the metal cannula attached to the mouse skull. The photo
is taken with the digital microscope during the insertion of the endoscope.

6.2.5 Scan calibration

For the correct image reconstruction the endoscope calibration has to be routinely performed
every day (Sec/4.2). Thus, while developing a vertical imaging setup, to facilitate the calibration
procedure, a little add-on removable unit for the probe calibration has been designed in FreeCad
(Fig. The laser beam collected by a microscope objective (60x, 0.6 NA) was further trans-
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lated by a 90 degrees mirror (Thorlabs) and focused with a tube lens (150 mm, Thorlabs) onto
the position sensitive detector (PSD). The whole platform with the post holding the objective
and the mirror with the lens, as well as the PSD can be easily removed after the calibration is
finished.

Figure 6.12 Vertically positioned endoscope probe at the calibration stage. The fiber position is mea-
sured by the PSD.

6.3 Mouse preparation for imaging

The mice follow a long process of viral infection, skull surgery and training before the imag-
ing procedure. For this, a precise protocol has been developed by Vilette et al. inspired from
Dombeck et al. [103}[116]. Two months after the birth, the mouse is viral injected. The virus
carries the fluorophore to the neural cells composing the pyramidal layer of the hippocampus.
After one week of incubation, a skull surgery is performed. The mouse is trained to sustain the
stress induced by the imaging process.

Mouse surgery The surgery is performed to implement a cranial window above the hippo-
campus allowing for in-vivo imaging of the latter. During the surgery procedure, a part of the
mouse skull is removed together with a thin cortical layer (Figl6.13}, [143]]). After the application
of an agarose gel, a window composed of a metallic cylinder with a glass coverslip in it, is placed
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and fixed on the skull with a dental cement (Fig)6.11). With this window, an observation of
different layers of the hippocampus can be performed (Figl6.11)).
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Figure 6.13 Schematic representation of different stages of the mouse cranial surgery. Hippocampus
is located at 1 mm depth under the skull surface. A piece of the skull is removed (B) followed by the
removal of a 1-mm? volume of the cerebral cortex (C). The created space is filled with an agarose gel and
covered with a glass coverslip embedded in a metallic cannula. The mouse can withstand the imaging
procedure after some training (F) [143].

6.4 In-vivo TPEF imaging of calcium indicators

A recent study of CAl region in mouse hippocampus has been performed with a TPEF mi-
croscope through a cranial window [103,/116]]. The researchers showed that the cortex layer
removal does not affect the properties of hippocampus function. Dombeck et. al have studied
the neuronal circuit dynamics during behaviour of a mouse with head-restrained. This method
allowed to observe simultaneously a large group of CA1 neurons in transgenic mice. The exper-
iments showed the correlation between the physical location of neurons and their virtual spatial
zones of responsibility. The findings of Vilette et. al about recurring hippocampal sequences
demonstrated the importance of the hippocampus for the spatiotemporal cognition.

Genetically encoded calcium indicators (GECIs) expressing GCaMP facilitate long-term in-
vivo imaging of neurons [144]. Different modifications of GCaMP indicators have improved the
range of fluorescence signal [[145,|146].
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In this section, we will apply the NCF endoscope for TPEF GCaMP6 imaging of mouse hip-
pocampus neurons. The anaesthetized mouse was placed on the lab jack and the NCF endoscope
was inserted in the metallic cannula (Fig/6.10]and Figl6.11)). In the beginning, a 920 nm exci-
tation beam was used with moderate average powers (50 mW). However, this power had to be
doubled to provide a good TPEF signal at high depths where hippocampal neurons are located
(Figl6.13). Different imaging depths were inspected, in order to find an area with a group of
neurons. We found a layer with three very bright neuron cells (Figl6.14]a). Three series of ac-
quisition (10 minutes duration) were performed over the selected area at 8 frame/sec imaging
speed. A projection mask was applied on the location of the neurons permitting to measure the
signal intensity in the area of a neuron for every 125 millisecond (Fig/6.14]b). A stack of raw
4300 images was recorded and analysed (Figl6.15). However, we tend to think that this was not
an activity event produced by hippocampal neurons. In anaesthetized mice the CA1 activity is
much weaker as compared to the behaviour state [[147-149]]. The next step in this experiment
will be to integrate the developed TPEF fast scanner into a stainless metal tube as we did in Ch/2]
and perform the same imaging procedure in an awake mouse. For this purpose, a higher output
power might be needed for an efficient excitation of deep hippocampal layers and a fast power
control to dim the beam during the piezo braking time.

Figure 6.14 An area with three bright neurons. TPEF image taken (50x averaged) with the NCF
endoscope (a). A projection mask used to separate the location of the neurons and measure the signal
intensity only within the masked area (b). Excitation: 920 nm (100 mW average power). Filters:
shortpass (700 nm cut-off), bandpass (520/40 nm). Imaging speed: 8 frame/sec.
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Figure 6.15 An area with five bright neurons. TPEF signal acquired with the NCF endoscope with 8
frame/sec rate (raw images) (a). Time traces from a region of interest (ROI) selected out of 4300 image
frames (b). Power=120 mW.

6.5 Conclusions

We have successfully performed in-vivo mouse hippocampus TPEF imaging of calcium indica-
tors expresses by transgenic mice. In this work by means of the NCF-based endoscope with
an optimized fiber, we provided a reliable imaging device, which enables high resolution and
speed inspection of mouse intact brain. The NCF-endoscope allows for large FOV, high contrast
imaging of GFP-labelled neurons deep in mouse hippocampus. Our simple piezotube technology
offers a high stability performance and minimizes the potential cost of such systems. Those qual-
ities will permit to replace bulky bench-top and miniaturized TPEF microscopes by a single-fiber
portable probe of 2.2 mm of the outer diameter and <30 mm rigid length.
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6.6 Future perspectives

We have developed a miniature, scanning tip endoscope for CARS, SHG and TPEF multimodal
imaging of unstained tissues over large FOVs. An active motion braking was developed that
enabled to increase the imaging speed up to 8 frames/sec. This endoscope is based on a novel
DC-NCF, whose effective DC area in combination with the improved fiber core transmission have
significantly increased the contrast of every raw imaging frame (125 ms) as compared to our
previously designed endoscope based on a Kagomé HC DC fiber. This collection efficiency im-
provement together with the reduction of the distal endoscope diameter down to 2 mm allowed
to perform in-vivo imaging in a mouse hippocampus. We demonstrated the capability of the
developed probe to record neural activity in CA1 with high spatial and temporal resolution.

The availability of a reliable, miniature size, portable and robust TPEF endoscope will sig-
nificantly simplify deep-brain neuroimaging. The broad spectral transmission range of the NCF
hollow-core can also be used to excite multiple endogenous markers, such as green and red flu-
orescent proteins, thus permitting dual-colour brain imaging. Moreover, CARS, SHG and THG
can be used as additional valuable contrasts for label-free imaging in mouse brain. We would
like to describe possible improvements related to neuroimaging:

e Modified design TPEF imaging of hippocampal neurons can be performed with the NCF
endoscope in freely behaving mice. This, however, will require a stable fixation of the minia-
turized probe on mouse skull. A modified design of the endoscope probe (Fig/6.16b) can be
particularly suitable for freely moving brain imaging experiments. The mini-objective lens can
be oriented with 90 degrees angle to the scanning fiber, and the beam could be reflected from
the fiber end onto the mini-objective with a miniature mirror. The animal would have the endo-
scope fixed on the head but also on its back such that this probe would be less cumbersome to
carry.

e Scanning speed, power control and medical compatibility The mouse movement and
the need of rapid recording of the intensity change from calcium indicators requires high speeds
scanning. For this purpose, the achieved 8 frames/sec speed can be further increased. It is possi-
ble to obtain higher frame rate by decreasing the imaging period and the braking time. Besides,
a precise power control during the piezo braking time (10 ms) will reduce photobleaching and
provide a more accurate data when monitoring the small intensity variations from an individual
neuron cell.

The possibility to perform high speed and resolution CARS, SHG and TPEF (intrinsic) en-
doscopy opens the door for in-vivo imaging of the digestive system. However, the application of
the developed NCF endoscope by practitioners and biologists will require a friendly-user control
software and a simple calibration procedure. The current endoscope by itself can enter into the
user port of gastric endoscopes whose diameter is around 3 mm however special care should
be taken to ensure that the high voltage used in the piezo is compatible with human in vivo
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Figure 6.16 Miniaturized endoscope probe. Current design of the probe (a) and flipped-tip modified
endoscope for freely-moving imaging (b).

imaging. There is also the issue of being able to decontaminate the endoscope and future work
has to address the possibility to enter the full endoscope into an autoclave.

e Automatization of the calibration procedure The piezotube based scanning-tip endo-
scope has to be calibrated in a day-to-day routine. The parameters for a symmetric scan and
efficient braking are usually retrieved iteratively, which requires 1-hour of time for an experi-
enced user. Thus, an algorithm for an automatic search and calibration of the endoscope probe
will be necessary for practical use. The first attempt to develop such an automatic calibration
procedure has been carried out during this PhD work. We have implemented a program loop
which can iteratively sweep the values of the scanning parameters and find the ones fitting the
demanded specifications. This work has to be continued, including the control of the braking
parameters.

There is much to expect from the future development of such endoscope, its relatively simple
design and robust piezo based technology is expected to be an advantage over more complicated
scanning schemes using micro electro-mechanical systems. The implementation of hollow core
fibers allows for a variety of illumination scheme ranging from CW to advanced pulsed schemes.
All together the designed and fabricated probe is expected to find applications in various fields
such as material science, biology, pharmacology and biomedical optics.
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