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Abstract

Visualization of organs and cells in the interior of living beings is a challenging task due to the
light absorption and multiple light scattering occurring in biological tissue that prevents the di-
rect transmission of images. A standard visualization approach is based on the use of endo-
scopes which is accomplished through apertures in the body. Since their invention, the light
transmission capability of optical fibers has enabled fiber optic based endoscopy with devices
based on bundles of optical fibers that can directly relay images. Due to their small diameter,
fiber optic endoscopes are standard in minimally invasive applications either with a white light
illumination or as a fluorescent imaging device. The principle behind fluorescent endoscopy
consists on the scanning of light intensity over a fluorescent sample, which is achieved by se-
quential illumination of each one of the fiber bundles or by mechanical scanning of a single-
mode double-cladding fiber. Collecting the fluorescent signal through the light guiding medi-
um, an image can be reconstructed. The main drawback of fiber bundle endoscopes is the pix-
elated limited resolution given by the presence of thousands of cores that conform the bun-
dle. In the double cladding fiber endoscopes, there is a limit to the miniaturization of the en-
doscope due to the requirement of mechanical elements at the tip of the fiber to scan the il-
lumination over the sample.

In this thesis, methods for focusing and digital scanning of optical light pulses through multi-
mode optical fibers without any distal mechanical element are developed. Such techniques are
based on spatial light modulation. Spatial phase modulation allows the control of light propa-
gation in scrambling media, as in a multimode fiber, enabling the generation of intensity light
foci or arbitrary intensity profiles. The high intensity of the transmitted pulses permits multi-
photon imaging through multimode optical fibers, resulting in imaging probes of higher resolu-
tion than in the case of fiber bundles. We demonstrate in a working prototype that this ap-
proach provides all the advantages of multi-photon microscopy at the tip of an ultra-thin
probe, such as a reduced photo bleaching of the sample, optical sectioning and enhanced im-
age contrast.

The developed methods can also be employed for material processing that requires high in-
tensity light pulses. In specific, we demonstrate additive manufacturing, also known as 3D
printing, at the tip of an ultra-thin needle. The working principle is based on two-photon
polymerization, which is accomplished by scanning intense light pulses on a photosensitive
material that hardens when exposed to light. All other additive manufacturing methods re-
quire very large nozzles or components in close proximity to the structure that they build, up
to now. With an ultra-thin 3D printing probe we enable micro-fabrication through very small
apertures, in places of difficult access or in the interior of living beings. We call it, endofabrica-
tion.
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Zusammenfassung

Die Visualisierung von Organen und Zellen im Inneren der Lebewesen ist eine anspruchsvolle
Aufgabe. In biologischem Gewebe ist die direkte Ubertragung von Bildern aufgrund der Ab-
sorption von Licht und der Lichtstreuung nicht moglich. Ein gemeinsamer Visualisierungsansatz
basiert auf der Verwendung von Endoskopen. Die Lichtdurchldssigkeit von optischen Fasern
ermoglicht die Endoskopie mit Faserbiindeln, die direkt Bilder tGbertragen kdnnen. Der kleine
Durchmesser von Lichtwellenleitern erlaubt die Ubertragung von Bildern mit einer WeiRlicht-
Beleuchtung oder mit Fluoreszenz auf minimal-invasive Weise. Das Prinzip der fluo-
reszierenden Endoskopie besteht in der Abtastung von Licht in einer fluoreszierenden Probe.
Das Fluoreszenzsignal wird durch die optische Faser gesammelt. Auf diese Weise wird ein Bild
rekonstruiert. Bei den Lichtleitfaserblindeln erfolgt die Abtastung durch sequentielle Beleuch-
tung der einzelnen Fasern. Dies fiihrt zu einer Pixilierung und begrenzt die Auflésung aufgrund
des Vorhandenseins mehrerer Fasern im Faserbiindel. Bei Einmodenfasern mit doppelter
Ummantelung erfordert das Abtasten distale mechanische Elemente, um die Beleuchtung in
Bezug auf die Probe zu bewegen. Das Vorhandensein von Abtastelementen schrinkt die Min-
iaturisierung des Endoskops ein.

In dieser Arbeit werden Verfahren zur Fokussierung und Abtastung von Lichtpulsen durch Mul-
timode-Lichtleitfasern entwickelt. Die Techniken basieren auf der raumlichen Lichtmodulation.
Die rdaumliche Phasenmodulation ermdoglicht die Steuerung der Lichtausbreitung in opaken
Medien, wie bei einer Multimode-Lichtleitfaser, die die Erzeugung beliebiger Intensitatsprofile
ermoglicht. Die hohe Intensitdt der gesendeten Impulse erlaubt die Zwei-Photonen-
BildUbertragung durch Multimode-Lichtleitfasern. Dies ermdglicht Sonden fiir eine Bildiber-
tragung mit einer hdheren Auflésung als mit Faserbiindeln. Wir demonstrieren in einem Proto-
typ, dass dieser Ansatz alle Vorteile der Multi-Photonen-Mikroskopie an der Spitze einer ul-
tradiinnen Nadel bietet.

Die in dieser Arbeit entwickelten Methoden kénnen auch fiir die Materialbearbeitung genutzt
werden. Im Einzelnen zeigen wir den 3D-Druck mit einer ultradiinnen Nadel. Das Arbeitsprin-
zip beruht auf der Zwei-Photonen-Polymerisation. Bei diesem Ansatz harten optische
Lichtpulse, die auf ein lichtempfindliches Material fokussiert sind, das Material aus. Alle an-
deren 3D-Druckverfahren verwenden groRe Diisen oder sehr groRe Komponenten in der Nahe
der Struktur, die sie bauen. Mit unserer ultra-diinnen 3D-Drucksonde erméglichen wir die
Mikro-Fertigung durch sehr kleine Offnungen, an schwer zugénglichen Stellen oder im Inneren
von Lebewesen. Wir nennen es, dreidimensionale Endodruck.

Stichwoérter: Faseroptische Endoskopie, Multimode-Faser-Endoskopie, 3D-Drucken, En-
dodruck, Digitale Holographie, Wellenfront-Formgebung.
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1.1

Chapter 1 Introduction

General introduction

An endoscope is a device that allows the visualization of the interior of orifices, canals, cavities
or organs inside of the body. Endoscopes can be divided into two major groups: videoscopes
and optical endoscopes. The videoscopes consist of optical and electronic elements that form
an image of the scene of interest onto an imaging sensor, such as a CMOS or CCD chip, placed
at the distal tip of the endoscope. The image is acquired and transmitted through wires to the
proximal side (the “outside” side of the endoscope). On the other hand, optical endoscopes
consist of a combination of optical components in a rigid or flexible configuration such as relay
lenses, rod lenses, graded index probes or fiber bundles [1] as demonstrated by Hopkins in
1954 to directly relay an image from the distal scene to the proximal side. During the first half
of the 20th century, endoscopes consisted of relay lenses with glass rods and large air lenses
as shown in Figure 1:1 (a) [2]. But in 1959, Hopkins demonstrated a novel system composed of
large glass rods placed between small air spaces that act as thin lenses. Such arrangement al-
lows wider viewing angles and smaller diameters of the endoscope [2] and started being man-
ufactured by Karl Storz after being improved with Hopkins [3].

Both videoscopes and optical endoscopes can be made or coated with materials that are not
harmful for living beings. They are being widely used in research and medicine. However, as
will be explained next, optical endoscopes are the type that can reach the smallest diameters,
enabling ultra-thin minimally invasive probes, which are required for some specific applica-
tions.

Figure 1:1 Lens systems for optical endoscopes. (a) Conventional system with glass lenses invented by Nitze
in 1877. (b) Hopkins rod-lens system [2].
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In practical terms, the selection of an endoscope is application dependent. In videoscopes, the
diameter of the probe is limited to the size of the image sensor. In applications where the ori-
fices diameter range in the tens of millimeters and where the application is tissue imaging over
a field of view in the centimeter range, videoscopes or Storz-Hopkins rod lens systems can be
employed. However, for imaging at a cellular level through small orifices, a higher resolution
imaging system is required and is usually achieved by fiber optic endoscopes show in Figure
1:2.

Fiber optic endoscopes not only can transmit images with a white light illumination, but also
allow fluorescent imaging in one and two-photon fluorescent modality [4]. The principle of
fluorescent imaging through a light guiding probe is very simple: a focused illumination is
scanned over the sample while the fluorescent signal is collected through the same probe, al-
lowing the acquisition of an image point by point. This can be achieved through long graded
index lenses, double clad fibers [5], multi-core fibers and, as demonstrated very recently [6],
through multimode optical fibers.

a Multimode cladding for fluorescent light ﬂ'
Double clad fiber collection s

Power cords for actuater

Xy piezoelectric or MEMSgctuatot

b Fiber bunle .

'

c Multimode optical fiber

Figure 1:2 Optical fiber endoscopes. (a) Double clad fiber system. Mechanical elements are required to scan
the illumination on the sample. (b) Fiber bundle system. Each core relays a “pixel” of the distal scene. (c)
Multimode fiber system. Using wavefront shaping, light point scanning on the specimen followed by the

collection of the fluorescent signal allows fluorescent imaging.

The present work aims at demonstrating an ultra-thin minimally invasive multimode fiber en-
doscope capable of acquiring high resolution images with optical sectioning, which is achieved
by the introduction of a multi-photon imaging modality through multimode optical fibers. This
approach provides all the advantages of multi-photon microscopy at the tip of a needle, such
as a reduced photo bleaching of the sample, optical sectioning and enhanced image contrast.
To achieve this goal, a method to focus and scan optical pulses through multimode fibers is
developed. The developed method is inspired by previous work on light control through mul-
timode fibers and scattering media demonstrated for the continuous wave case.

In addition to the work in multimode fiber imaging, we realized that the same core technology
used to scan optical pulses with capability of producing nonlinear phenomena at the tip of a
multimode fiber can also be used to trigger two-photon polymerization. As its name suggest,
in two photon polymerization, a high energy pulse produces the polymerization of a liquid
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photoresist, which is followed by a removal of the non-exposed photoresist or “development”.
The whole process allows additive manufacturing also known as 3D printing.

3D printing comprises different manufacturing methods applicable to the fabrication of three-
dimensional objects starting from a computer aided designed (CAD) model. The generated ob-
jects can be built with macroscopic and microscopic dimensions with different resolutions de-
pending on the application and the specific method employed.

Among the 3D printing techniques there is a subset known as direct laser writing methods, in
which lasers can produce various chemical and physical processes on almost any material [7],
allowing the fabrication of high-resolution micro-structures. Two-photon polymerization lies in
this category. At a glance, a nonlinear multiphoton absorption process is produced by high
power laser focused beams impinging on a photo-sensitive material that polymerizes at spa-
tially confined volume. Scanning of the focused beam with respect to the material hardens the
polymer enabling the creation of three-dimensional objects. The resolutions that can be
achieved with two-photon polymerization are of the order of the excitation wavelength [8, 9].

To achieve the high intensities required for this nonlinear material processing usually high
peak power laser beams are focused on the material using high numerical aperture micro-
scope objectives. These optical elements have to be in close proximity to the material that
they polymerize (from hundreds of micrometers to several mm). This technological constrain
prevents the use of additive manufacturing through small apertures or in places of difficult ac-
cess. Using the wavefront shaping methods to focus optical pulses through multimode fibers
developed in this thesis, those limitations are disrupted. Specifically, the present work aims at
developing 3D printing through a multimode fiber based on two-photon polymerization, over-
coming completely those limitations allowing additive manufacturing in places of difficult ac-
cess. We call it endofabrication. As in endoscopy, endofabrication enables the remote fabrica-
tion of micro structures and could eventually allow a whole new set of applications such as in
situ tissue regeneration, creation of scaffolds for cellular growth, or simply high resolution
manufacturing directly inside of living animals or places of difficult access, which were un-
thinkable with previous technologies.

Thesis objectives

This thesis deals with the application of light control methods in the field of fiber endoscopy
and 3D printing. In specific, the objectives of this thesis are the following:

e Study and development of wavefront shaping methods that not only produce a pre-
defined spatial intensity profile on the other side of a multimode optical fiber, but al-
so transmit an ultrashort pulse with a pulse length in the order of hundreds of
femtoseconds.

e Design, development and demonstration of a minimally-invasive multi-photon endo-
scope that, based on the methods mentioned above, can acquire high resolution im-
ages at different planes deep inside biological tissue, allowing the visualization of
cells.
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e Design and development of an ultra-thin 3D printer based on two-photon polymeri-
zation. The working principle relies on the methods to focus optical pulses men-
tioned above.

Thesis outline

Chapter 1 presents a general introduction about optical fiber endoscopes, what type of fiber
endoscopes exist as well as the advantages and disadvantages of each one of them. Also pre-
sents a recent paradigm in endoscopy based on multimode fibers. An overview about 3D print-
ing and how a multimode optical fiber can be used as an ultra-thin 3D printer is also shown.

Chapter 2 presents an overview about light propagation in free space and scattering media.
The similarities between light propagation in scattering media and multimode fiber are also
discussed. Propagation of optical pulses in multimode fibers is presented. Digital holography
applied to optical phase conjugation and the transmission matrix measurement are introduced
and demonstrated experimentally for light focusing through multimode optical fibers in the
continuous wave case. Limitations and possible applications of these methods are also men-
tioned.

An extension of the wavefront shaping methods for light focusing through opaque media
named as time-gated digital phase conjugation is presented in chapter 3. This is a method to
transmit and focus optical pules through multimode optical fibers. The intrinsic counter-
propagation of modes of similar velocity among them allows a reduction in the temporal
broadening produced by modal dispersion. Experimental demonstration of delivery of focused
ultrashort pulses is presented. Generation of nonlinear phenomena on the other end of the
multimode fiber is also demonstrated.

The application of the developed methods base on digital holography and wavefront shaping
in the field of multimode fiber endoscopy are presented in chapter 4. In this chapter, a multi-
mode fiber two-photon endoscope is demonstrated. This endoscope allows the acquisition of
high resolution images at different depths inside biological tissue. Characterization of the per-
formance of the endoscope in terms of lateral and axial resolution, pulse length of the scanned
focused pulses and imaging field of view are also mentioned.

In chapter 5 the methods introduced and demonstrated in chapter 2 are applied to a com-
pletely different field: 3D printing. In this chapter, three-dimensional fabrication of micro-
structures is demonstrated through an ultra-thin needle as thick as three human hairs. The
presented work enables a new sub-area in the field of 3D printing that allows the fabrication
of 3D structures and objects inside small apertures or within cavities inside a body. We call it
endofabrication.

Chapter 6 concludes the thesis presenting a discussion and a general conclusion of the results
achieved in this thesis. Future improvements and future work foreseen in the field is also dis-
cussed.
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2.1

Chapter2 Control of pulsed light

propagation in multimode fibers

Light propagation in free space and scattering media

Light propagates through a uniform medium in a straight line. In the presence of inhomogenei-
ties or refractive index variations of size comparable to the wavelength, light waves are devi-
ated from their original direction at every wave-scatterer interaction. This phenomenon is
known as multiple scattering and can be commonly seen in opaque media such as white paint,
milk, fog, clouds or biological tissues.

Multiple scattering represents an obstacle for optical imaging through disordered media, be-
cause it randomizes the polarization, phase and amplitude of the incident field producing a
speckle pattern on the other side of the medium [1].

Non uniform intensity distributions and the generation of a speckle like pattern not only occur
when light is transmitted through scattering media, but also when light propagates through a
multimode waveguide. In optical fibers, light propagates as a finite number of modes which
are solutions to the wave equation in the fiber that satisfy its boundary conditions. Those
modes include traveling modes that propagate longitudinally in the fiber. In a single mode fi-
ber only a single mode is a propagating solution and is well defined by a single spatial profile
along the fiber. In multimode fibers there are more than one traveling wave solutions that al-
low the transport of energy from one end of the fiber to the other. The interaction between
various modes in terms of phase and mode coupling and also the coherent interference be-
tween them changes the intensity and phase profile of the field, leading to the formation of an
intensity profile similar to a speckle like pattern on the other end of the fiber [2-7].

Although such intensity distributions look random, their origin is linear and deterministic.
Therefore, it is a time-reversible phenomenon. This implies that it is possible to alter the field
so that the effect of the scattering medium can be compensated. For instance, that scrambling
effect can be corrected by the use of so called wavefront correction techniques, which consist,
in a first step, of measuring the scrambled field at the output of a scattering medium or a mul-
timode fiber and then, in a second step, providing an appropriate input wavefront which, in
essence pre-compensates the distortion caused the scattering medium. By phase or amplitude
modulation of the incident beam obtained for example via a heuristic measurement, such as
the optimization of an intensity signal, focusing and generation of light patterns through the
turbid media become possible. Another approach is the linear transformation characterization
of the medium or by means of a counter-propagation process such as digital phase conjuga-
tion. These methods will be explained in more detail in this chapter.
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One of the first attempts to control light through scattering media was demonstrated using it-
erative methods. Based on iterative algorithms the phase or intensity of a light beam incident
on a scattering media is spatially shaped and the field at the output is measured [8-10]. By
providing feedback to the spatial light modulator (SLM), input phase is changed until scram-
bling vanishes and the desired field distribution is obtained.

An alternative technique consists of characterizing the linear input-output complex field re-
sponse of a disordered medium or an optical waveguide by measuring its optical transmission
matrix [11-13]. This is illustrated in Figure 2:10. By knowing the transmission matrix, it is possi-
ble to recreate any desired intensity profile by spatially modulating a light beam with the cor-
rect phase or amplitude that pre-compensates for the scrambling effects of light propagation
in the medium. The ability to generate any arbitrary intensity pattern makes of the transmis-
sion matrix a more powerful light focusing tool.

The last method that can be used to focus light in turbid media is digital phase conjugation. It
directly exploits the time-reversibility nature of the multiple scattering processes or of the lin-
ear light transmission in multimode fibers. It consists of two steps. In the first step, an intensity
distribution is projected on one side of a disordered media emerging on the other side as a
speckle like pattern. Then, using a phase conjugate mirror, as illustrated in Figure 2:1 (b) light
is not reflected, bus instead re-traces back exactly as it came, traveling in reverse as it did be-
fore converging at the location of the initially projected intensity pattern. The phase conjugate
mirror, in the monochromatic case, can be implemented with a combination of a camera and a
SLM as will be explained in this chapter.

Mirror Phase conjugate mirror

a b

ki, = ka'i + kvj' + ktf kot = — ki
Kour = keX + ky§ — Kz

Figure 2:1 Representation of a phase-conjugate mirror. (a) Normal mirror. (b) Phase conjugate mirror.

Digital phase conjugation and the transmission matrix method have been used to acquire im-
ages through multimode fibers. A way to achieve this is by first scanning a diffraction limited
spot over the whole facet of a fiber and then collecting, through the same fiber, the light scat-
tered or fluorescently emitted by the sample [12-19]. Scanning is achieved without moving the
fiber with respect to the sample. With wavefront shaping methods, a lensless endoscope ca-
pable of scanning without movable components can be conceived as will be demonstrated in
chapter 3.
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2.2

This chapter presents theoretical and experimental verification of pulsed light propagation in
multimode optical fibers. Additionally, the transmission matrix method and digital phase con-
jugation for the control of pulsed light are introduced.

Propagation of ultrafast pulses in MMFs

2.2.1 Characteristics of optical pulses

Ultrashort optical pulses are periodic bursts of energy with very high peak powers followed by
long periods of zero amplitude. An optical pulse is considered as an ultrashort pulse if its full
width at half maximum (FWHM) pulse duration is smaller than a picosecond. Such optical
pulses possess a broad spectrum and are commonly generated by mode locked oscillators. To
generate ultrashort optical pulses, various modes, each one centered at a specific wavelength
in a laser cavity, are amplified. The wavelength spacing between modes is constant. When the
modes are all in phase (mode locked) a high peak power pulse is generated [20, 21]. A fre-
quency comb can be represented as a linear combination of equally frequency spaced mono-
chromatic waves whose electric field, assuming a linear polarization, is given by:

N/2-1
E(t)= z Enei[(a)0+nA(u)t+gon]

n=-N/2
Equation 2:1 — Frequency comb.

Where N is the number of discrete spectral components or modes that conform the optical
pulse, wy is the central angular frequency, Aw is the angular frequency spacing between
modes and ¢,, is the modal phase. Representation of a single pulse in the temporal domain
can be given by a Gaussian envelope modulating an optical carrier:

2 2
E(t) = e"(t7t0)* /@) cos(2maw,t)
Equation 2:2 — Gaussian optical pulse.

Where o is the standard deviation of the Gaussian envelope and is related to the FWHM pulse

length 7, as: 0 = 7, /(24/2In(2)).

As will be described in this chapter, optical pulses can suffer spectral and temporal distortions
when propagating through different types of media affecting their peak power and thus their
ability to generate nonlinear phenomena, which is necessary for some applications. An optical
pulse at its shortest temporal duration is known as a transform-limited pulse, and its minimum
pulse length is given by its spectral width. An example of a transform-limited pulse is shown in
Figure 2:2.
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Figure 2:2 A transform-limited Gaussian pulse of 8 fs pulse length at a central wavelength of 800 nm.

The quantities that fully characterize an optical pulse are the repetition rate tg, which sets the
temporal spacing between the pulses and is given by the frequency spacing of the contiguous
monochromatic components of the frequency comb; the pulse length 7,,, which in a trans-
form-limited pulse is given by the spectral width of the frequency components; the pulse
shape, which is the shape of the pulse envelope and is commonly of the sech? type; and the
pulse energy E,. Knowing all those quantities, additional values of interest such as the peak
power, average power and pulse length of a “chirped” pulse can be derived. A chirped pulse is
a pulse whose frequency changes over time. This can be produced when light travels through
dispersive media as will be explained in the next section. This phenomenon is known as group
velocity dispersion (GVD) or material dispersion.
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Figure 2:3 Linearly chirped optical pulses. (a) An 8 fs optical pulse after propagation in 0.7 mm of Silica at a
central wavelength of 800 nm. (b) Same as a, but after propagation through a material with the opposite
sign of dispersion.

2.2.2  Ray trace approach of light propagation in MMFs

The light guiding principle of optical waveguides is based on the phenomenon of total internal
reflection. A multimode optical fiber is composed a cylindrical core surrounded by a cladding
made of a material of a lower refractive index than that of the core. In step-index fibers the
core-cladding interface possesses an abrupt change in refractive index as illustrated in Figure
1:1. In graded-index optical fibers the change of refractive index is gradual.
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Figure 2:4 (a) Step index fiber. (b) Graded index fiber.

The first approximation to light propagation in an optical fiber is given by a light ray approach,
which is valid when the core diameter is much larger than the wavelength A [22]. At one end of
the fiber, due to refraction at the fiber-air interface, only light rays incident within a certain
angular range or cone can bounce and be guided into the fiber. Considering Snell’s law, light
entering the fiber at an angle 6; with respect to the optical axis are refracted to the core at an

angle 6,.:
nosin@; = n; sin 6,
Equation 2:3 —Snell’s law at the air-core interface of an optical fiber.

Where n, and n, are the refractive indices of the medium surrounding the fiber and the core
of the fiber, respectively. At the air-core interface light rays are refracted as illustrated in Fig-
ure 2:5. At the core cladding interface, light rays can be refracted or totally reflected. The con-
dition for total internal reflection corresponds to a critical angle 6:

n,sinf; = n,

sin ¢, = na/n)
Equation 2:4 — Critical angle.

Where n, is the refractive index of the cladding. All internal rays with angles larger than 6,

propagate within the fiber core.
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Figure 2:5 Ray tracing in a step index optical fiber.

Combining the equation of total internal reflection and refraction at the air-core interface, the
following relation can be derived:

. 2 2v1/2
1nosin 6; = nycos Q. = (1] —n:)'“
Equation 2:5 — Numerical aperture in an optical fiber.

This quantity is known as the numerical aperture (NA) of the fiber and is related to the maxi-
mum incident angle in which the fiber can guide light:
. (NA
Oi_max = 35S (n_o)

Equation 2:6 — Acceptance angle in an optical fiber.

For fibers with similar core and cladding refractive indices, the numerical aperture can be ap-
proximated as:

NA = nyV2A
Equation 2:7 — Approximation to the numerical aperture in an optical fiber.
Where A= (n; — n,)/n,.

For a graded index fiber, the core refractive index decreases gradually towards the cladding,
following the radial profile:

[ [1—=A(p/a)?): p <a,
”(p)_{nl{] A)=n> ; p=a

Equation 2:8 — Radial dependence of the refractive index in a graded index optical fiber.

Where p is the radial position from the ray to the axis, a is the fiber core diameter and a repre-
sents the index profile which is usually parabolic (a =2).

The graded index profile dramatically reduces the multi-path dispersion because, as illustrated
in Figure 2:6, oblique incident rays propagate in longer paths but in a faster medium (smaller
refractive index) than straight rays that travels the shortest distance but in a slower path.
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Figure 2:6 Ray tracing in a graded index optical fiber.

2.2.3 Electromagnetic wave approach for light propagation in MMFs

The phenomenon of light propagation in multimode optical fibers is governed by the wave
equation, which can be derived from Maxwell’s equations presented below in their differential
form:

V.-D=p,
Equation 2:9 — Gauss’ law for electric fields.
V-B=o

Equation 2:10 — Gauss’ law for magnetic fields.

VXE=-—
ot

Equation 2:11 — Faraday’s law.
aD
VXxH=0FE+—
at

Equation 2:12 — Ampere’s law.

Where D = €E is the electric flux density, B = uH is the magnetic flux density, E is the electric
field, H the magnetic field, €is the electric permittivity of the medium and u the magnetic
permittivity.

Since optical fibers are passive elements and have low attenuation, we can assume a source-
less and lossless medium. Taking the curl of Equation 2:11, substituting Equation 2:12 in Equa-
tion 2:11, and using the vector identity V X V x E = V(V - E) — V?E, the fiber wave equation

can be obtained:
V2E + 0°F =0
Ko =

Equation 2:13 —Wave equation.
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Rewriting Equation 2:13 in cylindrical coordinates, and solving it using the method of separa-
tion of variables enforcing the boundary conditions that the optical field is finite at the optical
axis and decays to zeros at an infinite radius, the general solution for the electric field is:

£ | Adm(pp)explim¢)exp(iBz):  p <a,
° | CKulgp)exp(im¢)exp(ifz):  p >a.

Equation 2:14 — Longitudinal electric field.
And for the magnetic field is:

o — {Bfm(PP)BXP(in1¢)€XP(fﬁz) : p<a,
° | DKu(gp)exp(im)exp(ifz);  p >a.

Equation 2:15 — Longitudinal magnetic field.

Where J,,,, Y, K, and I, are Bessel functions and A, C, B and D are constants obtained when
enforcing a continuity boundary condition between the core and the cladding. The other com-
ponents of the electric and magnetic field can be obtained from the longitudinal ones using
Maxwell’s equations.

Since the difference in refractive index between the fiber core and cladding is usually very
small, a weakly guiding approximation can be used, in which several modes are degenerative,
which means they have the same propagation constant [20]. The solution then gets simplified
as a set of linearly polarized LP modes dependent on the |,m indices, which are related to the
radial and azimuthal variations in the intensity of the electric field. Example of the intensity of
some fiber modes is shown in Figure 2:7 Intensity profile of some LP,,, modes..
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Figure 2:7 Intensity profile of some LP, ,, modes.

The fiber modes are traveling wave solutions to the fiber wave equation and represent the
transport of energy or information from one end of the fiber to the other.
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An important parameter that determines the number of modes that can propagate in a mul-
timode fiber is the normalized frequency, also known as V parameter, which is given by:

V=2 aNA

Equation 2:16 — Normalized frequency.

Where 4, is the central wavelength of the excitation.

In a fiber with a large V parameter, the number of modes can be approximated as [20]:

4
— 2
M=—V

Equation 2:17 — Number of modes in a multimode fiber.

When light is coupled into a multimode fiber with a very large number of supported fiber
modes M, the intensity of the transmitted optical field instead of taking a well-defined modal
shape that resembles to any of the mode intensities shown in Figure 2:7, they produce a
speckle like pattern due to the interference of modes with different phases and propagation
constants. This is shown in Figure 2:8 where light is focused with a 40X microscope objective
into a 50 mm long graded index multimode optical fiber of 600 um core diameter and the in-
tensity is measured on the other side.

Figure 2:8 intensity scrambling in MMFs. Light is focused with a 40X microscope objective on one end pro-
ducing the shown scrambled intensities. The fiber is 200 um fiber in core diameter. From top left to lower
right the excitation is scanned in a 20 um step along the cross section at the optical axis of the fiber, starting
10 um off centered. Scale bar is 40 um.

In addition to the spatial distortions occurring in an optical fiber, material and modal disper-
sion introduce temporal alterations in the propagating pulse.
2.2.4 Material dispersion

Let us consider a single mode propagation in a multimode optical fiber. The velocity of a spe-
cific spectral component, known as group velocity, is given by [20].
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ve = (dB /dw)™"

Equation 2:18 — Group velocity.

Where f is the propagation constant.

The dependence of the group velocity on optical frequency results in a temporally broadened
optical pulse because different spectral components arrive at different times on the other end
of the fiber. This is known as material dispersion or group velocity dispersion (GVD.) For exam-
ple, the 8 fs transform-limited optical pulse shown in Figure 2:2, upon propagation in 0.7 mm
of fused silica, leads to the dispersed pulse shown in Figure 2:3 (a). This is known as up-
chirping and can be seen as an increased frequency of the cosine carrier of the optical pulse as
time increases. Figure 2:3 (b) shows the same optical pulse but traversing a media with the
opposite same value of dispersion coefficient. This is called a down-chirped pulse, whose fre-
quency decreases over time.

GVD constitute a limitation for the transmission of transform-limited pulses through a multi-
mode fiber causing and undesired decrease in the peak power of the transmitted pulse, re-
stricting the generation of nonlinear phenomena at the tip of the fiber. GVD can be compen-
sated by adding a group delay using a prism pair or a grating pair, as will be described in the
practical scenarios of chapter 3 and 4.

The temporal broadening produced by material dispersion is given by:
Cha = D/A;\,L
Equation 2:19 — Material dispersion in an optical fiber.

Where D, is the dispersion coefficient, A4 is the source spectral width and L the length of the
fiber.

2.2.5 Modal dispersion

Another phenomenon that alters the ultrashort temporal profile of an optical pulse is known
as modal dispersion. As its name suggests, it is produced by the fact that different fiber modes
travel at different group velocities. The group velocity of the modes of a step index fiber is giv-
en by:

R -1
Vi, ¥ 6 {1+U+%A}

Equation 2:20 — Group velocity of the |,m mode.

Where M is the number of modes supported by the fiber, 1 =0,1,..,vM ,
m=1,2, ...,O.S(W— ) and Ais the fractional difference in refractive index between the
core and cladding. The indices l and M are the azimuthal and radial indices that characterize
the intensity distribution of any fiber mode [20].
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Considering a single polarization and only positive | values, the group velocity of the modes of
a 200 um multimode optical fiber at a 1550 nm excitation is represented graphically in Figure
2:9:
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Figure 2:9 Plot of the mode velocity as a function of the [ and M indices. There are group of modes that
travel at the same speed. The control of such mods can lead to interference phenomena such as light focus-
ing and projection of patterns.

In step index fibers, the temporal broadening produced by modal dispersion is given by:

L n A

O-mcda[ ~ 1
2e,

Equation 2:21 — Temporal broadening due to modal dispersion in step index multimode fibers.

While in graded index fibers, the temporal broadening is reduced due to the parabolic index
profile:

Equation 2:22 — Temporal broadening due to modal dispersion in graded index multimode fibers.

Interference phenomena can only occur when the temporal separation of the fiber modes lies
within the coherence length of each individual mode, given by the source bandwidth. There-
fore, for control of light propagation in multimode fibers, a graded index fiber results in better
light focusing capabilities due to its reduced modal dispersion.

Focusing light using the transmission matrix

In this section the measurement of a transmission matrix of a multimode optical fiber at a
fixed bending state is explained. The measurement of the transmission matrix is nothing more
than a characterization of a scattering or opaque media achieved by measuring the input-
output response of the medium, which can be, for example, a scattering medium or a multi-
mode fiber. Specifically, a set of known inputs, intensities or phase modulations at the input
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are launched into the medium and, at the output, the complex field is measured. This allows
the construction of a matrix that, in the most complete implementations, relates complex
fields at the input to complex fields at the output as illustrated in Figure 2:10.

There are many choices of basis functions for the measurement of a transmission matrix. The
basis functions are usually modulated using a phase spatial light modulator or an amplitude
modulator in the macropixel configuration to generate phase modulation based on, for exam-
ple, Lee holography [23]. The selected set of basis functions can be a pixel-based basis, in
which each function is a single pixel or macropixel with a modulated phase. Another example
is the use of mathematically orthogonal functions, like the hadamard basis which will be ex-
plained in more detail, where each element of the basis is converted into a spatial representa-
tion of phases modulated at the input of the medium. It can also be a set of plane waves prop-
agating each one in a unique direction within the acceptance angle of the fiber. Another alter-
native would be to calculate the propagating modes of the specific fiber whose transmission
matrix has to be measured and use a modal basis function, in which each one of the basis
functions is a propagating mode. In practical terms, this measurement is not straightforward
with the strictly correct modal basis. To excite an specific theoretically calculated mode in an
optical fiber with a very large number of nodes, amplitude, phase and polarization modulation
would be required, which is not always straightforward to implement. Therefore, in such ap-
proaches, often the phase only modulation of the modes is usually employed.
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Figure 2:10 Measurement of a transmission matrix of a multimode optical fiber. (a) Transmission matrix
measurement. (b) Inversion of the transmission matrix and modulation at the input to generate the target
intensity distribution at the output of the fiber.

The purpose of each one of the basis functions is to excite fiber modes independently an ideal-
ly in an orthogonal way. A careful selection of the basis is recommended for an optimal im-
plementation of the method. For example, in the case of the pixel by pixel basis, since only one
element of the spatial light modulator is coupling light into the fiber this approach is slow be-
cause it would require many measurements to excite most of the modes and has a very low
diffraction efficiency. The mathematical function and the propagating wave approaches are
more adequate in terms of measurement time and diffraction efficiency at the spatial light
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modulator, but still could result in decimation or oversampling. If not all the fiber modes are
excited in the transmission matrix measurement, the ability to focus light will not be the opti-
mal one and the intensity focus and light patterns results in a decreased signal to noise ration
than in a fully measured transmission matrix. In the case of oversampling, it gives a complete
“sampling” of the fiber modes and exploits the medium to give rise to the highest signal to
noise ration available with the number of modes present in the fiber, but could result in very
large acquisition times. We found that an optical approach is to use a modal based basis to
measure the transmission matrix response, because it fully excites all the available fiber
modes without resulting in oversampling.

The mathematical representation of the optical transmission matrix is given by:

Ept = Z tmanviln

n

Equation 2:23 — Input-output field relation of a multimode fiber as a transmission matrix.

Where Ei™ is the complex input field, t,,,xp, is the transmission matrix and EZ* is the complex
field produced at the output of the fiber by the EI".

Once the transmission matrix is measured it can be used as an optical element to focus light or
to generate intensity, holographic or phase patterns or even act as a diffractive optical ele-
ment if the linear system is characterized at several wavelengths on the other end of the fiber
[24]. By inversion of the matrix, the complex wavefront that has to be modulated at the input
of the multimode fiber to generate the desired phase or intensity pattern on the other side is
given by:

Ein — t;&nEtarget

Equation 2:24 — Calculation of the input field to produce a desired target field Et#79¢t,

2.3.1 Experimental setup for the measurement of the transmission matrix

In the case presented below, the transmission matrix was measured using a phase-modulating
representation of the Hadamard basis. With an adequate selection of number of basis func-
tions it can provide a good characterization of the multimode fiber.

As mentioned before, light propagation through a multimode fiber scrambles light and a phase
and intensity pattern arises at the output of the fiber. If the wavefront of the beam before en-
tering the scattering medium is modulated with a set of different phase masks and their indi-
vidual respective complex output fields are measured, we can obtain a matrix that represents
this linear input-output field relationship. The accuracy or similarity between the measured
matrix and the occurring scrambling phenomenon will depend on the number of basis func-
tions that we modulate when obtaining the matrix and the number fiber modes that can be
excite in the fiber.

The phase and amplitude of the scrambled light at the distal end of the fiber can be measured
using an off-axis holographic technique as shown in Figure 2:11 using the optical path shown
with dashed lines in the figure. Alternatively, the phase and amplitude of the scrambled light
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at the distal end of the fiber can also be measured using a common path method adopted
from [25] in which the reference phase, modulated on the outer area of the SLM, propagates
through the fiber as well. The advantage of the common path configuration is that it is less
sensitive to phase instabilities during the TM measurement, produced for example by air flows
or gradients of temperature produced by components in the optical table that dissipate heat
such as the laser. Those perturbations, in off axis holographic arrangements, may introduce
optical path changes in the reference, the object or both beams. In those cases, a phase drift
tracking and correction algorithm can be implemented [12].

The setup that we used to measure the transmission matrix is shown in Figure 2:11. A colli-
mated Gaussian beam from a continuous wave laser A = 532 nm is expanded and divided by a
polarizing beam splitter (PBS) into a reference and an object beam in the case of the off-axis
configuration. The phase of the object beam is spatially modulated using a set of N different
orthogonal basis functions by using a phase-only liquid crystal spatial light modulator (Holoeye
Pluto SLM). Walsh functions are used as basis functions as described in [25].
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Figure 2:11 Experimental setup to perform a measurement of the transmission matrix of a multimode opti-
cal fiber.

Each element of a Walsh basis vector can only take two values, which is enforced as phases on
the SLM. Using the Walsh basis functions the simultaneous use of all segments of the SLM in-
stead of a pixel by pixel modulation increases the signal to noise ratio. The modulated light is
coupled into a 2 m long multimode fiber (diameter = 50 um, NA =.22) by a 20X microscope ob-
jective OBJ1. The output of the fiber is imaged on the surface of CAMERA 2 where, in the off-
axis configuration, it is interfered with the reference beam coming from PBS. The angle be-
tween the reference beam and the object beam is adjusted until achieving an adequate sepa-
ration of the interference terms in the Fourier space. Taking the Fourier transform of the inter-
ference pattern a spatial band-pass filter is digitally applied to obtain only the desired interfer-
ence term. To remove the k vector modulation, the filtered component is shifted to the origin
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in the Fourier domain, its Fourier transform is taken and the resulting field is stored in the
memory of the computer. This is shown in Figure 2:12.

Figure 2:12 Off-axis holographic arrangement for the measurement of a complex field. (a) Digital hologram.

(b) Fourier transform of the digital hologram. (c) Reconstructed phase from the first order of the digital hol-

ogram (Inverse Fourier transform of the filtered first order). (d) Reconstructed phase with shifted spectrum
to the cero order (k vector removed) (e) Reconstructed amplitude.

The process is repeated for all of the N Walsh basis functions. Since phase drifts between the
object and reference beams are present in the setup, a method for compensating such drifts is
required, such as a phase tracking algorithm. Nevertheless, inspired from the work of [11] we
adopted a different approach, in which phase can be calculated at the distal end of the fiber by
only doing intensity measurements. In such case, the dashed path shown in Figure 2:11 is not
used and the laser beam is expanded and directed to the SLM, which modulates both the basis
function and, in the outer part, the reference beam as shown in Figure 2:13. . Both the refer-
ence and basis function are coupled and propagated though the fiber. Using only intensity
measurements on the camera of Figure 2:11 [26], the complex field can be calculated using
Equation 2:25. The drawback of this approach is that to measure the phase for a single basis
input, four different measurements must be done, rather than one as in the off axis case. To
calculate the complex field at the output of the fiber for each basis function n, we use the fol-
lowing expression [26]:

kmn: (12 _ ]:ﬂr) ‘l’i([m2 _ ]rg)
4 4

Equation 2:25 — Calculation of a complex field from intensity measurements

Where k,y,,, is the complex field produced by the nth basis function, and / is the measured in-
tensity for different reference phases from 0 to 3rt/2. An example of such measurement is rep-
resented in Figure 2:13.
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Figure 2:13 Common path principle for the measurement of a complex field. (a) A basis function is modulat-
ed on the SLM with together with four different reference phases in independent sequential measure-
ments. (b) For each one of the referenced input functions the intensity on the other fiber end is measured.
(c) Using Equation 2:25 phase and amplitude of the distal field is calculated.

Once the transmission matrix is obtained, it can be used to calculate the phase that modulated
at the input can produce the desired output. As mentioned before, an inversion of the matrix
is needed. The inverted complex matrix pre-multiplying the desired pattern gives the corre-
sponding input field. In our particular implementation, only the phase is modulated.

The results of light focusing using this common path method are shown in Figure 2:14. Since
ambient light or laser phase drifts introduce noise to the measured transmission matrix, using
a method adopted from [11] noise can be reduced by decomposing the measured transmis-
sion matrix into its singular values form, discarding the low amplitude singular values suscepti-
ble to noise, and reconstructing the matrix. This improvement is achieved because in the
measured transmission matrix, low amplitude matrix elements values are “amplified” when
inverted, therefore the noise from those low amplitude elements is increase. With this correc-
tion, a two-fold improvement in the focused spot is achieved as shown in Figure 2:14. In spe-
cific, light focusing using the measured transmission matrix is done by first defining a target
output field which in this case consists on an intensity equal to 1 at the point in which we want
the phase conjugated spot, and zero everywhere else. Then we invert the matrix and calculate
what must be the input to achieve such spot, and finally the computed phase is enforced by
the SLM. This is depicted in Figure 2:10 (b). The process of decomposition of the transmission
matrix H into its singular values is shown in the following equations:

1 .
M+:V[ré‘,-f] U=V w " | =vetur

ij -0

Equation 2:26 — Singular value decomposition of a matrix M.
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Where M is the transmission matrix and + denotes inverse.

In the matrix M, small singular values, more susceptible to noise, become large numbers up-
on inversion. By discarding some of the largest inverted values of =¥ and calculating M, an
enhancement in the intensity focus is observed.

enhancement = 18 enhancement = 40

(a) ()

Figure 2:14. Light focusing using the transmission matrix method. Spot size is 8.5um. (a) Example of a phase
conjugated intensity spot generated using a measured transmission matrix. (b) Similar to (a) but using sin-
gular value decomposition for noise reduction (20% of inverted singular values were discarded). Enhance-

ment denotes the spot to background intensity ratio.

A quantity used to assess the quality of the reconstructed spot is the enhancement n, defined
as the ratio of peak intensity over the average intensity detected at the distal end of the fiber.

_ Ipeak

="

Equation 2:27 — Intensity enhancement of a light focused spot.
In scattering media, n is related to the number N of modes controlled by the SLM as shown in
the following expression [1]:

L
N (V-1 +1

Equation 2:28 — Intensity enhancement relation to the number of controlled modes.

For the case of multimode fibers, we can assume that N is proportional to the number of ex-
cited modes.

An alternative method to reduce the noise in a multimode fiber consists on using a modified
matrix inversion given as follows, where Wdenotes the noise reduced inverted matrix [27]:

“Mops + 0] M,

(o]

w =M}

obs
Equation 2:29 — Noise-reduced transmission matrix.

With this approach, a value of the scalar o that maximizes the enhancement of a light focus
can be found. Figure 2:15 shows the enhancement of a light focus for different values of sig-
ma:
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Enhancerment

Figure 2:15. Enhancement of a focused spot using the noise reduced matrix inversion.

Using the transmission matrix approach, if no simultaneous phase, amplitude and polarization
control is available, then generated pattern is just an approximation of the desired one. Usual-
ly only the phase of the calculated complex field to be enforced at the input of the fiber is ac-
tually modulated.

2.3.2 Advantages and limitations of the transmission matrix approach

The transmission matrix is a very powerful tool that allows the generation of intensity and
phase patterns through scrambling media such as a multimode optical fiber. It not only allow
the generation of phase patterns at the plane or working distance where the complex field on
the other side of the medium is measured, but also, using numerical propagation, allow the
generation of any spatial profile at different distances from the fiber facet. This is very power-
ful but simple to implement. To do so, the desired pattern is numerically propagated from the
projection plane to the plane where the matrix was measured. This is pretty simple and can be
easily achieved by a discrete computer implementation of light propagation in free space, such
as the Fraunhofer or Fresnel propagator, depending on how far the pattern needs to be gen-
erated. Then, the calculated field is plugged as the target field to be generated with the
transmission matrix and using Equation 2:24, the complex field that has to be enforced to gen-
erate the desired pattern is obtained.

The capability to generate intensity patterns or simultaneous light foci is advantageous in
some applications, such as single-shot imaging, single photon fluorescent imaging, optical
tweezers for micro-manipulations or one-photon polymerization. However, the main draw-
back of the transmission matrix approach is that it is very time consuming to characterize the
entire input-output complex field response of a multimode fiber or scattering media, especial-
ly if the fiber core is larger than 200 um, and the numerical aperture larger than 0.22. The
number of fiber modes, directly related to the number of basis functions required to com-
pletely measure the transmission matrix, is proportional to the square of the normalized fre-
quency or V number of the fiber mentioned at the beginning of this chapter, which in turn is
proportional to the fiber radius. Therefore, a doubling in the core diameter of the fiber results
in a 4-fold of the measurement time and amount of memory required to measure and store
the transmission matrix. In practical terms, in a 600 micrometer core diameter fiber with a

44



Chapter 2

2.4

0.48 NA, an acquisition time of more than 10 hours and hundreds of gigabytes of RAM
memory would be required (for this calculation, the number of fiber modes, and refresh rate
of a phase only SLM, 20 Hz, were taken into account). For the applications of chapter 4 and 5,
large field of views and large NAs are preferred. For two-photon endoscopy, two photon
polymerization and material ablation, very high peak powers are required to produce nonline-
ar effects at the tip of the fiber. In those specific cases, the powerful capability of the transmis-
sion matrix for conforming light patterns cannot be fully exploited, because the generation of
simultaneous spots or light patterns drops the power per spot, depending on the number of
simultaneous diffraction-limited foci, reaching in some cases low intensities that can no longer
trigger the two-photon effects. In those cases, other methods for light focusing result more
convenient, such as time-gated digital phase conjugation which will be introduced in the next
section of this chapter.

Control of pulsed light propagation using time-gated digital phase conju-

gation

As mentioned at the beginning of this chapter, another technique to achieve light focusing or
pattern projection through scattering media is the so called optical phase conjugation. Consid-
er the case shown in Figure 2:16. Light is focused on one end of a multimode fiber producing a
speckle like intensity and phase pattern on the other side. If a phase conjugate mirror is placed
on the other end of the fiber, light counter-propagates through the same medium interfering
constructively at the location of the original focus or excitation pattern.

Phase conjugate mirror

Figure 2:16. Optical phase conjugation in a multimode optical fiber. A light beam is focused in the facet of a
multimode fiber generating a speckle pattern on the other side. With a Phase conjugate mirror, light coun-
ter propagates through the fiber converging at the location of the initial focus or intensity pattern.

A phase conjugate mirror can be implemented by a digital camera and a spatial light modula-
tor as shown in Figure 2:17 and Figure 2:19. In the first step, the complex field at the output of
the multimode fiber is characterized. This can be achieved using off axis holography, using a
reference beam that is interfered with the fiber beam which in holographic terms would be
the object beam. In the case the light source is a pulsed one, the reference beam also acts as a
time-gating window, as will be explained in full detail in the next chapter. To record the digital
hologram, the multimode fiber field and the reference beam both illuminate the digital cam-
era. The interference pattern is the digital hologram. The complex amplitude of the fiber wave
is given by:
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O(x,y) =o(x,y)expligo(x, v))
Equation 2:30 — Object or fiber wave.

Where O is the real amplitude and ¢, is the phase, both dependent on the spatial coordinates
x and y. The complex amplitude of the reference wave is described as:

R(x,y) =r(x,v)explipg(x. y))
Equation 2:31 — Reference wave.

Where ay, is the real amplitude and @g the phase of the reference wave. The two waves inter-
fere at the surface of the digital camera as illustrated in Figure 2:17. The camera measures the
intensity resulting from that interference which is given by [28]:

I(x,y) =]0(x, y)+ R(x, y)|?
= (0. v)+ Rx, y)(O(x.y)+ R(x, y)*
= R(x.y)R* (x,v)+ O(x, y)O*(x,y)
+ O(x, v)R*(x, y) + R(x, y)O*(x, y)

Equation 2:32 — Intensity recorded as a digital hologram.

Each one of the terms of the previous expression are shown in Figure 2:18.

Spatial profile

MMF
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Figure 2:17. Characterization of the complex field at the multimode fiber output using off-axis digital holog-
raphy. The figure describes the characterization in the general case in which the laser beam can be either
monochromatic or a pulsed light source. In the pulsed case the reference not only interferes to acquire the
hologram, but also acts as a time-gating window.

The camera measures the intensity that contains the phase and amplitude information of the
object beam. By calculating the Fourier transform of the digital hologram, the first, minus one
and zero order holographic terms can be identified. They are spatially separated in the Fourier
domain as shown in Figure 2:18. Then, the first order term that contains the phase and ampli-
tude information of the object beam or field coming from the fiber, is filtered using a digital
band-pass filter. By calculating the inverse Fourier transform of the filtered term, the ampli-
tude and phase information of the object field can be obtained. By taking the conjugate of this
calculated phase, a reconstruction of the object beam can be reconstructed on the SLM as
shown in Figure 2:19 and is given by the product of the reference wave multiplied by the
transmittance of the hologram:
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RO, V)I(x,y) = R(x,y)r? + 0*R(x,y) + 0(x,y)r? + r20*(x,y)
Equation 2:33 — Reconstructed hologram.

Where the first and second term corresponds to the reference wave scaled by a factor. This
term represents non-diffracted light and is known as the zero order that passes through the
hologram. The third term corresponds to a virtual image of the reconstructed fiber field. The
fourth term is the rea image, which is the wave that, upon phase conjugation, counter-
propagates through the fiber.

The implementation of the phase conjugate mirror require a precise alignment of the SLM
and the camera. Usually, the camera is chosen pixel match with the SLM, which means that
the size and pitch of the SLM and camera pixels is the same. Micrometer accuracy alignment in
position and tilt angles is required in order to achieve a correct phase conjugate implementa-
tion.

b O(x, y)R* (x,y)

GELDGERS

filter

R(x,y)O0*(x,y)

Spectrum

Digital hologram

Figure 2:18. Off-axis digital holography. (a) Digital hologram. (b) Fourier transform of the digital hologram.
All holographic terms are separated in the spectral domain. Fiber diameter is 200 micrometers.
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Figure 2:19. Reconstruction of the phase-conjugate replica of the characterized field. Light counter propa-
gates through the fiber generating the original excitation.

The general case of optical phase conjugation is known as time reversal. This is pretty common
and easy to implement in electronics, in which a microwave signal, for example, can be time
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reversed by measuring and reproducing with an array of antennas the same signal but in re-
verse order. This is possible to modulate in electronics. However, in optics, a truly time rever-
sal implementation capable of modulating phases within the temporal duration of an optical
pulses of hundreds of femtoseconds in pulse length, has not been possible to implement. To
achieve time reversal with optical pulses a time-varying SLM with refresh rate of femtoseconds
would be required, which is not possible up to date. The closest to time reversal in non-
monochromatic light sources is a pulse shaper, which can imprint any temporal profile on an
optical pulse. However, it only acts on a single Gaussian light beam, and not on any complex
intensity distribution such as a time-varying speckle patterns or the time-varying field pro-
duced in light propagation in multimode fibers.

To overcome this problem, we designed a time-gated version of digital phase conjugation to
implement a phase conjugate mirror that acts on optical pulses. The basic principle is the same
as in digital holographic approach described above, but the difference is that the reference
beam acts as a sampling window as well. This allows the recording of holograms of a time-
varying field at the time set by the reference. This phase conjugation alternative discards the
light field arriving at different times other than the ones of the gating window, giving a poor
light focusing result compared to the monochromatic case. However, by selecting the right
medium this effects can be mitigated. Figure 2:20 and Figure 2:21 show the light focusing ca-
pability of time-gated digital phase conjugation. As can be seen in the figures, time-gated DPC
reduces temporal broadening due to modal dispersion. The selection of a graded index multi-
mode fiber allow the simultaneous characterization and control of a larger number of time-
sampled modes, giving an intensity focus 100 times larger than in step index fibers, which can
potentially produce nonlinear effects.

2.4.1 Time-grated digital phase conjugation in step and graded index MMFs

a ~—Random phase 10.2 ps

—DPC 426 fs

Normalized power

50 pm

'0'20 5 10 15 20 25 30
Time t in ps

Figure 2:20. Time-gated digital phase conjugation in a step multimode optical fiber. (a) Intensity profile on
the other side of the fiber when a large mode excitation is modulated on the SLM. (b) Intensity profile on
the other side of the fiber when a phase-conjugate modulation is performed by the SLM. (c) Interferometric
cross correlation between a reference beam and the fiber beam. Time gated DPC excites modes with the
same modal speed giving a shorter temporal profile of coherence. (Not to confuse with pulse length). Fiber
is step index multimode 200 um core, NA=.39, length=30 cm, n =10, Spot size 13.8 um.
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Figure 2:21. Time-gated digital phase conjugation in a graded-index multimode optical fiber. (a) Intensity
profile on the other side of the fiber when a large mode excitation is modulated on the SLM. (b) Intensity
profile on the other side of the fiber when a phase-conjugate modulation is performed by the SLM. (c) Inter-
ferometric cross correlation between a reference beam and the fiber beam. Time gated DPC excites modes
with the same modal speed giving a shorter temporal profile of coherence. (Not to confuse with pulse
length). The temporal profile of the random phase is shorter than in the step index case due to the reduced
modal dispersion of graded index fibers. Fiber is graded index, multimode, core diameter 200 um, NA =
0.27, length =30 cm, n =1’100, 5 um spot size.

Specific details about time-gated digital phase conjugation and many experimental results and
characterization of the light foci in terms of spot size and pulse length are presented in the
next chapter, which treats exclusively about this method.

Applications

Differently to focusing of monochromatic light through multimode fibers, the delivery of
femtosecond optical pulses could enable all sorts of non-linear phenomena at the tip of an ul-
tra-thin needle. Some of the possible applications are: fluorescent endoscopy in the multipho-
ton modality, micro-manipulation in the form of optical tweezers, spatial division multiplexing
for information transmission, material processing in places of difficult access such as laser cut-
ting, two-photon polymerization or material ablation among other applications where femto-
second pulses intervene. In the present thesis we apply the light focusing principles presented
in the next chapter in two novel applications that were not demonstrated in multimode fibers
before: two-photon imaging and two-photon polymerization.

Limits of controlled light propagation in multimode fibers

2.6.1 Fiber bending

Fiber bending introduces changes in the propagation of the fiber modes. Therefore, for light
focusing and pattern projection through multimode optical fibers, recalibration is required if
the fiber is bent. However, this can be solved by incorporating a bending-compensation meth-
od via geometric characterization of fiber bending [29] or by measurement of the proximal
speckle of a fiber with a distal reflective coating [30].
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2.6.2 Spatial light modulators

2.7

The applications mentioned in the previous section require a fast refresh rate of the spatial
light modulator in order to be viable. For example, for in-vivo two-photon endoscopy, the
scanning must be performed over the field of view at a rate faster than the natural micro-
movements of the specimen. For prototyping and in the research presented in this thesis we
employed phase-only spatial light modulators for providing the highest diffraction efficiency
though a slow refresh rate (commonly from 20Hz to 200Hz). The resolution of this kind of
modulators is high (~2Mpixels). Another light modulator is the digital micromirror device
(DMD). These modulators can reach high refresh rates in the order of 20KHz but are binary
amplitude modulators. They do not produce direct phase modulation. To modulate phase a
Lee holography approach, for example, can be used but at the cost of a very low diffraction ef-
ficiency (~¥5%), making them unsuitable for high power applications such as those required for
two-photon phenomena. Another light modulator consists of deformable mirrors, which have
speeds of tens of kilohertz but have a low resolution and are usually used for aberration cor-
rections. A promising implementation of a fast phase modulator is the piston based modula-
tor. It consists of a micromirror array where the pistons can move back and forth with a sub-
wavelength resolution allowing a direct spatial phase modulation. This kind of devices can
reach refresh rates in the order of tens of Kilohertz. Unfortunately its development was halted
and are not commercially available. All these types of light modulators are shown in Figure
2:22.

Figure 2:22. Types of spatial light modulators. (a) Phase only SLM (Holoeye AG). (b) DMD (Texas Instru-
ments). (c) Deformable mirror (Adaptive Optics and Astronomy Pierre-Yves Madec). (d) Piston based phase
modulator (Fraunhofer Institute).
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3.1

Chapter 3 Focusing optical pulses

through multimode fibers

The previous chapter described how light propagation through multimode fibers suffers from
spatial distortions that lead to a scrambled intensity profile. Techniques for the correction of
such distortions using various wavefront control methods have been discussed in the continu-
ous wave case. However, in the ultra-fast pulse regime, modal dispersion temporally broadens
a pulse after propagation.. This chapter deals with the extension of such methods to the
transmission of optical pulses that form a spatial focus on the other side of the fiber.

In this chapter a technique to generate ultrashort focused pulses through multimode fibers
based on digital phase conjugation DPC is presented. Spatial and temporal distortions due to
modal dispersion occurring in the fiber are compensated by a selective phase conjugation pro-
cess, where modes of similar propagation constants are spatially excited to form an intensity
focus. The results of this work set the basis for multi-photon imaging, two-photon polymeriza-
tion and material ablation through ultrathin light guiding probes.

Some results of the work presented in this chapter were published in the Optics Express jour-
nal as:

E. E. Morales-Delgado, S. Farahi, I. N. Papadopoulos, D. Psaltis, and C. Moser, "Delivery of fo-
cused short pulses through a multimode fiber," Opt Express 23, 9109-9120 (2015).

Introduction

The large information capacity of multimode optical fibers, given by their number of support-
ed propagation modes, has allowed new miniaturized devices for image transmission through
multimode fibers [1-4] and represent potential high throughput channels for optical communi-
cations [5,6].

The transmission of an ultrashort pulse through a multimode fiber mainly suffers from modal
dispersion that leads to a scrambled spatial intensity and a temporal broadening. This pre-
vents the conservation of the ultrashort temporal profile and of the spatial distribution as light
goes through the fiber. Although the emerged pattern looks like a random field, its origin is
linear and deterministic when nonlinear effects are not present. Therefore, it is a reversible
phenomenon.
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Current optical communications mainly rely on single mode fibers, which allow a single travel-
ing mode with a well-defined spatial profile. However, pulse duration is affected by chromatic
dispersion and optical non-linear effects. Several methods have been developed to counteract
temporal spreading to recover a pulse of similar duration as the original. For example, tem-
poral pulse shaping methods and phase conjugation has been used successfully [7-9].

When a multimode fiber is used, additional temporal broadening takes place due to modal
dispersion, i.e., the different modes propagating in the fiber have different group velocities.
Contrary to the case of single mode fibers where the spatial profile is maintained during prop-
agation, the pattern emerging from a multimode fiber does not resemble the pattern launched
at the input as explained before. Adaptive methods have been proposed to compensate for
modal dispersion in telecommunications in order to deliver femtosecond pulses through mul-
timode fibers but no simultaneous spatial control has been achieved [10,11].

Regarding the spatial domain, in the monochromatic case, optical phase conjugation was first
suggested [12,13,14] and demonstrated as a way to undo the modal scrambling and transmit
images through multimode fibers. More recently, the field was revisited in the digital domain,
where several methods such as iterative algorithms [15,16], transmission matrix measurement
[2,3,17] or digital phase conjugation [18] have been successfully used to spatially focus light
and even to image through multimode optical fibers [1-4]. However, the control of both the
spatial profile and the temporal duration of pulses through multimode fibers have not yet
been demonstrated.

Interestingly, spatial wavefront shaping techniques have been proposed for focusing through a
scattering medium in space and time [19,20]. These methods rely on iterative algorithms that
optimize a signal, such as a two-photon signal, that strongly depends on the simultaneous spa-
tial and temporal focusing of a light pulse. They are based on the fact that light propagating
through such scattering media is re-radiated at every scattering event, creating different light
paths. Each path is associated with a respective time delay. This spatio-temporal relationship
allows the correction of both temporal and spatial distortions using only spatial degrees of
wavefront control.

For information transmission, delivery of an arbitrary spatial distribution of ultrashort light
pulses could enable an efficient spatial division multiplexing of orthogonal communication
channels with limited dispersion [6]. In the field of imaging, the ability to deliver and digitally
scan focused ultrashort pulses would allow multiphoton lensless imaging, which have only
been accomplished using fiber bundles [21].

This chapter demonstrates the delivery of spatially focused optical pulses of 500 fs pulse
length through a multimode optical fiber. The proposed method minimizes pulse broadening
due to modal dispersion in the multimode fiber by selectively counter-propagating only a
group of modes of similar group velocities. Specifically, as an initial step, light is coupled into
the distal side of an optical fiber. Time-gated interferometry [22] and digital holography are
used to characterize the optical field at the proximal side. Then, using digital phase conjuga-
tion (DPC), a reconstruction of a time-gated field is perform with a spatial light modulator. The
reconstructed field counter-propagates through the fiber generating an ultrashort focused
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pulse at the distal end of the fiber. Since the power of the counter-propagated field is spatially
spread on the various excited modes, this approach does not introduce nonlinear effects on
the delivered focused pulse. Considering a nonlinear threshold P, of 2 GW /cm? in silica fi-
bers and using a standard Titanium Sapphire laser source of 100 fs in pulse length Pje; ¢ With
800 mW of average power F,,, and a repetition rate R, of 76 MHz, the threshold diameter
Dy in @ multimode fiber for nonlinear effects to occur would be 81 um
(Dep, = \/(Pave/(Rrepplengthpth)))- The experiments demonstrated in this thesis deal with fi-

ber cores larger than 200 um and couple into the fiber less than 20 % of the available laser

power due to the use of a spatial light modulator. Therefore, nonlinear effects are not intro-
duced in the optical pulse propagating in the fiber. Moreover, two-photon absorption pro-
duced by the delivered spot on the other side of the fiber is demonstrated. Additionally,
transmission of temporally separated focused pulses is demonstrated.

3.2 Experimental setup for selective modal excitation

3.2.1 Chirped pulse amplification

The beam from a pulsed laser source (ORIGAMI-15 from OneFive; A=1550 nm; spectral width
oA=15.4 nm; pulse energy = 2 nJ) is amplified by a custom built chirped pulse amplification unit
(CPA) shown in Figure 3:1. This CPA stage stretches the optical pulse from 170 fs to 100 ps,.
This long pulse is used as a seed for a fiber amplifier which is then recompressed at the ampli-
fied output. Stretching is necessary to amplify optical pulses, otherwise the high peak powers
introduce nonlinearities to the amplified pulse and could reach the damage threshold of the
fiber amplifier producing damage. The output of the amplifier has a temporal duration of 440
fs, with a repetition rate of 40 MHz and a maximum average power of 1.2 W, yielding a pulse
energy of 20 nJ. This is the pulse used for all the experiments described next. The specific de-
sign of the stretcher and compressor are shown in Figure 3:2 and Figure 3:3.

Initial pulse 170 fs, 120 mW Gratings disperse and

stretch the pulse three
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Figure 3:1 Chirped pulse amplification.
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Figure 3:3 Pulse compressor.

3.2.2 Calibration - mode selection

The selective DPC technique consists of two separate steps: a calibration step for mode selec-
tion and a reconstruction step. Initially the output of the CPA is focused, at the distal side,
close to the facet of a multimode fiber (core diameter = 200 um, NA = 0.39, length = 0.3 m,
number of supported modes M=103) as illustrated in Figure 3:4. The M excited modes propa-
gate with different propagation constants and acquire different phase shifts, leading to a
scrambled amplitude and phase field at the proximal side of the fiber. This field can be ex-
pressed as a linear combination of the supported modes of the fiber (one polarization) with
different scaling coefficients and phase factors around a carrier frequency:

M
Ep(5,3,0) = 20, (0, (x, y)e e

m=1

Equation 3:1
where a,,(t) is the time dependent scaling coefficient of mode m, W, (x, y) is the amplitude of
the wave function of mode m, ¢,,,(x,y,t) is the corresponding modal phase, and w, is the car-
rier frequency. In this form, propagation losses, material dispersion and the phase shift intro-

duced during propagation are included in the terms a,,(t) and ¢,,(x,y, t). Figure 3:5 (a) shows
the intensity of the field E,,; (x,y, t) as measured by Camera 1.
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Figure 3:4 Experimental Setup. Calibration step. The beam from the CPA unit is divided by a polarizing beam
splitter PBS into a reference and an object beam. The object beam is coupled into the multimode fiber by a
20X microscope objective OBJ2. The output of the fiber is imaged on the infrared Camera 1 by a 20X micro-
scope objective (OBJ1) and the lens (L1), f=150 mm, where it is interfered with the reference beam ob-
tained by reflection from the beam splitter BS1. For each delay T, a digital hologram is recorded. Recon-
struction step. The time-sampled field is reconstructed by the reference and phase conjugated using a spa-
tial light modulator SLM. The reconstruction is imaged on the fiber by the lens L1 and the 20X microscope
objective OBJ1. The reconstructed field counter-propagates generating the short focused spot on the distal
side of the fiber. This spot is imaged on Camera 2 using a 4f system (OBJ2 and lens L2, =300 mm). Moreo-
ver, the spatio-temporal duration of the phase conjugated spot and its surrounding background is meas-
ured on each pixel of a silicon-based detector (Camera 3) using second order (interferometric) autocorrela-
tion, by introducing on the reference the collinear time-delayed replicas required for this measurement, us-
ing the Michelson interferometer. The non-linearity in the second order autocorrelation is a two-photon
process occurring in the silicon camera. The dashed polygon encloses a possible embodiment of an imaging
device based on our method.

To characterize the field E,,; (x, y, t) we interfere it off-axis with a reference pulse at the plane
of Camera 1. The reference pulse can be described as,

Eref(xayat_f) = amf(x,y’[_ z')é’“"*”

Equation 3:2

where a,..¢(x,y,t — 7) is the complex amplitude envelope of the reference. Because the dura-
tion of the reference pulse is much shorter than the duration of the pulse at the output of the
fiber, Eyye(x,y,1), it can be written that a,.;(x,y,t) = d,.r(x,y) - 8(t). Hence, the reference
pulse acts as a sampling window in time. By moving the mirror M5 (see Figure 3:4) the refer-
ence pulse can be translated in time by a factor t. The accuracy of our positioning stage leads
to a temporal resolution of 0.33 fs. For each delay T, the reference beam samples a different
time slice of the output field by capturing a digital hologram, which is recorded on the Camera
1, in an off-axis configuration. For the remainder of the paper, a time-sampled part of the out-
put field at a given delay time will be identified with the time variable z,, while all other time
dependencies will be represented by t.
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The intensity of the recorded digital hologram can be expressed as a superposition of three
terms: One DC term and two terms containing the phase information of the field E,, . (x, y, t)
[23]. The angle between the reference beam and the object beam is adjusted to obtain an ad-
equate separation of the interference terms in the Fourier space. The spatial Fourier transform
of the digital hologram is calculated and the interference term, containing the phase infor-
mation, is spatially filtered. The field power as a function of time is measured by integrating
over the whole computed filtered term for each delay 7,, which gives a measure of the time
duration of the pulse at the proximal side of the fiber (Figure 3:5 (b)). Then, the inverse Fourier
transform of the filtered term is calculated for each delay 7,, leading to a digital reconstruction
of the phase and amplitude of the field. Therefore, the time sampled version of the field
Esampiea(X,y,71), at the plane of Camera 1 is given by,

m=M,

Esampled (xs y: T1) = z am (Tl )l//m (X, y)ej% (e )e*./’%fl

m=M,

Equation 3:3

where M, and M, are the first and last sampled modes of the set of modes that arrive within
the temporal duration of the reference envelope.

Normalized power

0 10 20 30 40 50
Time 1, (ps)

(b)

Amplitude

Figure 3:5 Propagation and characterization of an ultrashort pulse through a multimode fiber. (a) Optical in-
tensity as seen on the proximal end (Camera 1) containing the superposition of the excited modes arriving
at all times. (b) Normalized optical power of (a) over the whole area of the Camera 1 as a function of time.

(c)-(f) Time-gated snapshots of the sampled field (Eq. (3)) taken at times t_1=2.9 ps, T_1=7.7 ps, T_1=13.3
ps, and T_1=15.1 ps respectively. Scale bars are 25 um. Dashed circles indicate the edge of the multimode
fiber core.

With a reference beam of temporal duration of 440 fs, the number of modes sampled by the
reference is M, — M, = 42 (one polarization). This value is obtained by taking into account the
mode velocity of the M modes that propagate through the multimode fiber [24]. From this
mode velocity, we calculated the arrival time as a function of mode index, which follows a lin-
ear behavior. Hence, the modes are uniformly distributed in time. For an arrival time interval
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corresponding to the duration of the reference pulse, the number of sampled modes is always
the same even if the reference is shifted to smaller or larger arrival times. Figure 3:5 (c)-(f)
shows the time-gated amplitude of the fieldEqmpeq (x, ¥, 71) at time delays 7,=2.9 ps, 7,=7.7
ps, t;=13.3 ps, and 7,=15.1 ps respectively.

3.2.3 Delivery of focused pulses (reconstruction)

The recorded digital holograms of each one of the sampled versions of the fields shown in Fig-
ure 3:5 (c-f) can be reconstructed in an off-axis holographic arrangement as explained in Chap-
ter 2. The reconstructed field counterpropagates through the fiber generating a reconstruction
of the excitation spot at the distal side. Experimentally, the computed phase of each sampled
field is conjugated and loaded sequentially onto a Spatial Light Modulator (Holoeye PLUTO-
TELCO-013-C, phase only SLM, 1920x1080 pixels, phase range from 0 to 2m, pixel pitch 8 um).
The reference beam (see Figure 3:4) illuminates the SLM. The back-propagating field retraces
its way through the multimode fiber to the distal end. Note that in this reconstruction step,
the object beam is blocked.

The spatial amplitudes of the phase conjugated spots, measured with the infrared Camera 2,
are shown in Fig. 3(a)-(d), and their temporal profiles in Fig. 3(e) for different phase conjugat-
ed fields corresponding to digital holograms recorded at time delays 7, equal to 2.9 ps, 7.7 ps,
13.3 ps, and 15.1 ps. The temporal profiles were obtained by second order interferometric au-
tocorrelation averaged within the spatial FWHM of the light spot. The measured pulse widths
are 0.50 ps, 0.80 ps, 1.11 ps and 0.54 ps respectively. The spot sizes, measured as the FWHM
of the intensity line profile passing through the center of the intensity focus, are 10.5 um, 6.3
pm, 5.7 um and 6 um respectively.

— pulse width =0.50 ps
— Pylse width =0,80 ps

Pulse width =1.11 ps
= Pulse width =0.54 ps

Spot size (um)
.

4 6 a8 10 12 £
T, (ps)

Figure 3:6 Spatio-temporal characterization of the reconstructed phase conjugated spot. (a)-(d) intensity of
the spatial profile measured with Camera 2 and (e) temporal profile of the phase conjugated spots generat-
ed from the reconstructed holograms of Fig. 2(c)-(f) taken at time delays 7, equal to 2.9 ps, 7.7 ps, 13.3 ps,
and 15.1 ps respectively. T; demotes the time at which the hologram was recorded and t is the time de-
pendence of the intensity autocorrelation trace of the phase conjugated spot. (f) Size of the phase conju-
gated spot as a function of ;. Points represent experimental data and the solid curve a polynomial fit.
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The evolution of the spot size of the phase conjugated spots as a function of the time at which
the hologram was recorded 7, is shown in Figure 3:6(f). During the selective DPC process, the
original field is reconstructed with only 42 time-sampled modes (out of the 10’000 modes
supported by the fiber). Hence, the original spot cannot be reconstructed with high fidelity.
We observe that phase conjugation of higher order modes, corresponding to a larger delay 7,
produces a smaller phase conjugated spot due to the fact that each mode group of a certain
velocity is associated, in a guided-ray approach, to a respective bouncing angle in the fiber.
Hence, each group of modes is linked to an effective numerical aperture which is inversely
proportional to the lateral and axial spot size that can be generated with that group of modes.
The highest peak intensity measured in our experiment was 125 MW/cm?2 realized with a spot
waist of 5.1 um corresponding to the excitation of high order modes sampled at a delay ;=20

ps.

The change in the spot size of the focused spot as a function of the time delay when the holo-
gram was recorded can also be noticed in the Fourier transform of the digital hologram. Figure
3.7 clearly shows this. For this experiment a fiber bundle of 17°000 thousand cores was used.
At the wavelength of the source, 1550 nm, the fiber bundle acts as a multimode fiber rather
than as a fiber bundle. This gives rise to intensity distributions larger than the size of the cores
rather than an exclusive illumination of the cores of the bundle as can be seen in Figure 3:7.
The time-gated speckle corresponding to a larger numerical aperture (smaller speckle grains)
covers a larger disc in the diffractive orders than the disc corresponding to a lower numerical
aperture. In terms of group velocities, low order modes, associated with a lower numerical ap-
erture travel close to the center of the fiber, in a light ray tracing approximation, at lower an-
gles, traversing a smaller distance in the fiber because they are not bouncing as much as high-
er order modes. Therefore, they arrive faster to the other side of the fiber and produce larger
speckle spots.

Time-gated field distribution Fourier transform of Field distribution

Optical power for several time delays

. . + data|
. Modal dispersion: AT ™ 27 ps —fit
LA A n —ng

o8] b=z

Increase of time delay
Power, a.u

% 5

10 15 20 25
Time delay = [ps]

Figure 3:7 Reconstructed amplitude and spectrum of the time gated fields. Gating occurs at time delays
equal to 0.64, 10.88, and 21.12 ps. (Left) Reconstructed amplitude of the time-gated field. (Center) Fourier
transform of the digital hologram (only the first order term is shown). (Right) Optical power at different
time delays.
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Each mode of the counterpropagated field also suffers from material dispersion as it propa-
gates in the fiber. This means that individual spectral components of each mode travels at dif-
ferent velocities, causing an additional broadening albeit smaller than caused by modal disper-
sion. Material dispersion could be compensated by pre-chirping the pulse with an adequate
amount of positive dispersion. However, this was not implemented in these experiments in
this chapter. In the next chapter, in which the method of light focusing through the MMF is
employed to acquire two-photon images, group velocity dispersion i.e material dispersion,
arising due to the natural wavelength dependence of the refractive index in the material, is
compensated using a pair of prisms.

There are three main parameters of the phase conjugated spot that vary depending on the
counterpropagated set of modes. These parameters are 1. Spatial enhancement, defined as
the ratio of the maximum intensity of the phase conjugated field to the average background
intensity integrated over all times and 2. Spot area, which is the area of the spatial full width at
half maximum FWHM of the phase conjugated spot, 3. Temporal duration, defined as the
temporal FWHM of the phase conjugated spot.

For efficient non-linear imaging such as two-photon imaging through a multimode optical fi-
ber, the spot with the highest peak intensity is required. We define the peak intensity of the
phase-conjugated spot as:

w. 2
Fave (TS) n
Iyeak = R.At

Equation 3:4

Where P, is the average measured power of the phase conjugated field (both spot plus back-
ground field) at the distal end, R, is the repetition rate of the pulsed laser source (40MHz), w,
is the waist of the phase conjugated spot, a is the radius of the fiber core, 77 is the intensity

enhancement and At is the pulse length.

The spatial profile and temporal duration of the phase-conjugated spot depend strongly on
the set of modes reconstructed to generate it. Higher order modes (slow modes) have a small-
er propagation constant B than low order modes (fast modes). High order modes in an optical
fiber are associated with a higher numerical aperture than lower order modes. Thus, the spot
size of the phase conjugated spot is expected to decrease with higher mode selection, as ex-
perimentally demonstrated in Figure 3:6 (ac). Therefore there exist an optimal set of modes
for which the peak intensity can be maximized.
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Figure 3:8 Example of a phase conjugated spot using the proposed selective mode launching process. (a) In-
tensity of the phase conjugated spot generated at the distal end as seen on camera 2. (b) Temporal profile
(coherence length) comparison with (red curve) and without (blue curve) using selective mode launching.
The temporal coherence of the phase conjugated spot is 515fs. The temporal coherence of the pulse with-
out using wavefront control is 5ps. Scale bars are 30um. Dashed circles indicate the edge of the core of the

multimode fiber.

Temporal characterization of the delivered focused pulses

In order to obtain insights into the spatial distribution of the pulse duration around the phase
conjugated spot at the distal end of the fiber, we use a silicon-based camera (Camera 3) sensi-
tive to half the excitation wavelength to spatially resolve a second order interferometric auto-
correlation. This is performed by introducing, on the reference arm, two time-delayed replicas
with the Michelson interferometer shown in Figure 3:4. The two paths are aligned by ensuring
that the speckle pattern on Camera 2 does not change when the delay is varied. The nonline-
arity required for the measurement is given by the two-photon absorption of silicon of the
1550 nm intensity. The intensity of the interferometric autocorrelation trace is measured for
each camera pixel and for each position t of the interferometer. This means that for each pix-
el, the intensity of Equation 3:5 is calculated in the experiment. The temporal duration of the
phase conjugated field imaged on the Camera 3 is calculated at each pixel assuming a Gaussian
pulse shape.

+oo Y
I(r) = / [E(t) + B(t — 7))*?dt

o =00

Equation 3:5

Figure 3:9 provides a comparison of the 2D intensity and pulse duration for the case when 1.
The excitation comprises a large number of fiber modes (Figure 3:9 (a), (c)) and 2. The excita-
tion comprises a selected number of modes (Figure 3:9 (b), (d)) using the DPC method pro-
posed. Figure 3:9 (a) shows the intensity (measured with infrared camera 2) at the distal side
of the multimode fiber generated by presenting on the SLM a set of plane waves propagating
in all directions within the acceptance angle of the multimode fiber, hence exciting a large
number of fiber modes.

Figure 3:9 (b) shows the intensity (measured with infrared camera 2) on the distal side when a
group of modes is counter-propagated using the proposed DPC method. The ratio of the peak
intensity to the average background is 16. This implies that the number of phase conjugated

63



Chapter 3

modes is enough to generate a focused spot 16 times more intense than the background in-
tensity. The size of the phase conjugated spot is 7 um.

Figure 3:9 (c) and (d) show the map of temporal duration corresponding to Figure 3:9 (a) and
(b) respectively. The average temporal duration when all fiber modes are excited is 15.2 ps
(Figure 3:9 (c)), which is large because modal dispersion is present. For the DPC case (Figure
3:9 (d)), temporal broadening by modal dispersion is highly suppressed, and there is a short
temporal duration of 500 fs only at the location of the DPC focus. Around the focus, the tem-
poral duration is broad (on average 10 ps) due to undesired excitation of other modes, which
are subject to modal dispersion. However, these modes carry much less power (only 6% of the
power of the focus) and are less intense than the spatial focus. Figure 3:9 (e) shows the com-
parison between the average temporal duration obtained when many fiber modes are excited
(black curve) and when DPC is used (blue curve). The DPC method significantly reduces the
temporal distortions of modal dispersion. The broadening from the original pulse (440 fs) to
the delivered pulse using DPC (500 fs) is due to material dispersion. Both pulses shown in Fig-
ure 3:9 (e) contain the same energy, but the one with reduced modal dispersion has a larger
intensity, which is enough to produce two-photon phenomena as shown Figure 3:10.

Intensity profile: digital phase conjugation
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3.4

Figure 3:9 Comparison between the excitation of a large number of modes and the selective DPC method.
(a) Intensity when many fiber modes are excited. (b) Intensity of a phase conjugated spot generated using
DPC. The size of the spot is 7 um and is 16 times more intense that the background. (c) and (d) are the spa-
tio-temporal maps of pulse duration when many fiber modes are excited and when DPC is performed re-
spectively. (e) Envelope of the second order autocorrelation trace of the delivered pulse for the excitation
of many fiber modes (black curve, averaged over the camera area) and for the DPC case (blue curve, aver-
aged over the FWHM of the spot size). Dashed red lines are their respective Gaussian fit. The broad pulse
(black curve) was scaled to enhance its visibility on the graph. Both pulses possess the same energy. Scale
bars are 25 um. Yellow circles on (a), (b), (c), and (d) indicate the edge of the core of the multimode fiber.

Figure 3:10(a) shows the two-photon signal as a function of optical intensity of the phase con-
jugated spot of Figure 3:9(b). The non-linear element is a silicon camera which exhibits two-
photon absorption at half the wavelength (775 nm) of the 1550 nm excitation. The signal ex-
hibits a quadratic dependence as expected from a two-photon process. In this measurement,
the absolute average power of the DPC spot was increased from .04 mW to 4 mW. Figure 3:10
(b) shows the two-photon phase conjugated spot measured with the visible camera. Two-
photon absorption suppresses the background intensity, leading to an effective two-photon
spot 270 times more intense than its surrounding background. The size of the spot is 5 um,
which is smaller than the 7 um of the infrared spot shown Figure 3:9(b) because two-photon
absorption occurs in a smaller lateral and axial volume than single photon absorption. To be
precise, the spot size of the area where two-photon absorption occurs is V2 times smaller
than the area of the original excitation.

. .
m=measured
= powerA2
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04f
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Normalized power of DPC spot Two-photon intensity profile: digital phase conjugation

(a) (b)

Figure 3:10 Two-photon measurement of the phase conjugated spot. (a) Two-photon signal versus normal-

ized power produced by the phase conjugated spot measured on a silicon-based detector (Camera 3 in the

setup). Measured (black curve) and theoretical curve (dashed red curve). (b) Two-photon phase conjugated

spot. The spot size is 5 um. The contrast ratio between the maximum intensity to the average background is
270.

Spatial scanning and temporal multiplexing of the focused pulses

3.4.1 Light scanning through the multimode fiber

Following the steps of mode selection explained above, the procedure can be repeated to rec-
ord a digital hologram, at a fixed chosen position of the sampling reference, for each one of
the targeted locations of the excitation spot at the distal end of the fiber. After this first cali-
bration step we can sequentially generate by DPC a focused pulse at each one of the respec-
tive locations of the original excitation. The second part of this process can be considered as a
digital scan of the phase conjugated spot. The result is shown in Figure 3:11, which presents
three spot scanning locations captured on Camera 3. The lateral distance between two con-
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secutive spots is 50 um. The waists of the generated two-photon spots are 5.6 um, 5.4 um and
5.9 um respectively. The intensity of the spot is 48, 135 and 45 times more intense than the
background, respectively.

Intensity profile of the phase conjugated spots

Figure 3:11 Scanning of the phase conjugated focus. The pulsed intensity focused can be generated at dif-
ferent locations. Scale bars are 25 um.

The calibration step can be efficiently automated using a scanning galvanometer mirror sys-
tem. Hence, the time limitation of the calibration is only restricted by the frame rate of the
camera used to record the digital holograms. The scanning step is limited by the frame rate of
the SLM (20 Hz in our case).

3.4.2 Temporal multiplexing through the multimode fiber

In addition to the generation of a single phase conjugated spot, this method allows the gener-
ation of a pair (or more) time delayed spots. This is achieved by reconstructing the superposi-
tion of two different groups of modes. The phase pattern on the SLM is simply the phase of
the sum of the waves each one of them with a phase equal to the respective phase required to
reconstruct each one of the sampled group of modes individually. Each group of modes coun-
ter-propagates at its own group velocity, arriving to the distal side at two different times, gen-
erating two consecutive pulses as shown in Figure 3:12. This is possible due to the linearity and
time invariance of the propagation of light through a multimode fiber. The pulse duration of
each individual pulse is measured by second order autocorrelation. The envelopes of these
traces are shown as first pulse and second pulse in Figure 3:12. The temporal separation be-
tween the pulses is 3.7 ps. Their pulse durations are 500 fs and 800 fs respectively. This exper-
iment demonstrates that it is possible to generate two consecutive high intensity focused
pulses at the output of a multimode fiber from a single input pulse.
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Figure 3:12 Generation of two time multiplexed phase conjugated spots. The time envelope is measured by
time-gated interferometry (solid curve). The phase conjugated pulses are centered at t=2.9 ps and t=7.7 ps
respectively. Dashed curves: second order autocorrelation envelopes of phase conjugated pulses 1 and 2.
Their pulse widths are 500 fs and 800 fs respectively.

3.4.3 Spatial multiplexing through the multimode waveguide

Similarly to the previous case, the simultaneous reconstruction of the phase of a wave that re-
sults from the addition of two plane waves, each one of them corresponding to the phase con-
jugated version of the field that generates a single spot through the fiber, gives rise to two and
in principle any number of simultaneous optical pulses through the fiber. The results are pre-
sented in Figure 3:13 Generation of two simultaneous spots through fiber bundles. through fi-
ber bundles. (a) 6’000 cores fiber. FWHM spot size=4.3um. n=139. (b) 17’000 cores fiber.
FWHM spot size=4.3um, n=102. ¢) 6’000 cores fiber. n=135, 119. d) 17°000 cores fiber. n=73..

(b)

(© (@)
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3.5

3.6

Figure 3:13 Generation of two simultaneous spots through fiber bundles. through fiber bundles. (a) 6’000
cores fiber. FWHM spot size=4.3um. n=139. (b) 17’000 cores fiber. FWHM spot size=4.3um, n=102. c) 6’000
cores fiber. n=135, 119. d) 17°000 cores fiber. n=73.

Discussion and conclusions

This chapter presented the first experimental demonstration of simultaneous spatial and tem-
poral focusing of ultrashort pulses through a multimode fiber using time-gated interferometry
followed by digital phase conjugation. The focused pulse can be generated at different loca-
tions on the distal side of the fiber. Since the power of the phase-conjugated field is spatially
spread on various excited modes, our approach does not introduce nonlinear effects.

We demonstrated how phase conjugation of modes with the same propagation constant re-
duces temporal broadening due to modal dispersion in the fiber by a factor of 30. Thus, the
pulse preserves its short temporal profile as it propagates. The limited observed temporal
spreading (from the initial 440 fs to the distal 500 fs) arises due to material dispersion. In our
experiments no pre-chirp was applied to the beam used for the reconstruction of the time-
sampled modes. However, if the pulse is pre-chirped with the right chirp parameter, this tem-
poral spreading could be suppressed.

The ability to focus light through multimode fibers is directly linked to the number of phase
conjugated modes. Therefore, the sharpness of the phase conjugated spot could be enhanced
by using a multimode fiber with reduced modal dispersion such as a graded-index fiber or by
using a shorter fiber. We estimate that using a graded index fiber and pre-chirping to correct
for material dispersion, the peak intensity of the phase conjugated pulse could be increased
two orders of magnitude compared to the step-index multimode fiber case presented here. In
fact, by using a graded-index multimode fiber of diameter equal to 200 um, we would be able
to sample and phase conjugate a total of 2200 modes instead of the 42 we have shown, which
would significantly increase the contrast of the phase conjugated spot by a factor of 50.

We also demonstrated how the intrinsic modal dispersion of the multimode fiber can be used
to generate two temporally separated pulses from a single pulse. This was accomplished by
simultaneous phase conjugation of two set of modes with different group velocities. Each set
of modes leads to a single pulse centered at a desired time. In principle this can be extended
to a larger number of contiguous pulses.

We have shown that the intensity of the phase conjugated spot is enough to produce two-
photon absorption in a silicon-based detector. Therefore, our technique opens the possibility
of acquiring two-photon images through commercial multimode optical fibers. Once the sys-
tem is calibrated, a two-photon fluorescence image of a sample placed in the distal side of the
fiber can be obtained by scanning the DPC spot over the sample and collecting the fluorescent
signal through the same fiber.
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Chapter4 The multimode fiber two-

photon endoscope

This chapter describes how a multimode optical fiber can be used as an ultra-thin two-
photon endoscope. The theory, a working prototype and results are presented. To our
knowledge, this is the first demonstration of high-resolution three-dimensional imaging using
two-photon fluorescence through a multimode fiber.

The vast number of propagating solutions to the wave equation in multimode optical fibers
represents a larger information capacity than that available in a group of single mode fibers or
in fiber bundles. Therefore, in the field of imaging, multimode fibers potentially permits the
transmission of images with higher resolution. However, image transmission through multi-
mode fibers is not direct as in the fiber bundle case, in which each of the fiber cores can relay
a portion of the distal image. In multimode fibers, a distribution of intensity is scrambled by
the propagating modes, leading on the other side to a speckle-like pattern that doesn’t re-
sembles the initial distribution.

This chapter presents two-photon excitation imaging of fluorescent beads and ex-vivo biologi-
cal samples through a multimode optical fiber. We show that our method maintains the ad-
vantages of two-photon excitation microscopy compared to single-photon excitation such as
reduced photo-bleaching, deeper penetration depth and sectioning capability. Our method is
based on time-gated digital phase conjugation, which allows the generation of focused pulses
on the other side of a multimode fiber. To acquire an image, the focused femtosecond pulse is
scanned in a three-dimensional mesh, producing two-photon excitation on each spatial loca-
tion of the sample. By collecting the fluorescence through the fiber, a 3D two-photon image is
reconstructed.

The endoscopic system presented in this article is capable of acquiring 3D images using two-
photon excitation through a 20 cm long multimode optical fiber (MMF) of 350 um diameter.
We demonstrate depth sectioning by scanning the focused pulse in a 3D volume over a sample
made of fluorescent beads suspended in a transparent polymer. The achieved lateral resolu-
tion is 1 um and the axial resolution is 15 um. Scanning and imaging is demonstrated over an
80x80 um field of view. Additionally, in the end of this chapter, two-photon imaging of ex-vivo
tissue is also shown.

Some of the results shown in this chapter were published in the Optics Express journal as:
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4.1

E. E. Morales-Delgado, D. Psaltis, and C. Moser, "Two-photon imaging through a multimode
fiber," Opt Express 23, 32158-32170 (2015).

Introduction to optical fiber-based endoscopy

Multiphoton microscopy is an imaging technique that allows optical sectioning deep within
thick samples. It presents an enhanced image contrast and reduced photo-damage to the
sample in comparison to single photon microscopy. For some applications such as in-vivo im-
aging of individual cells inside hollow cavities in a minimally invasive way, an ultra-thin mul-
tiphoton endoscope is necessary.

An endoscope is a device that allows the visualization of the interior of organs or cavities in-
side of the body. Conventionally, multiphoton endoscopy has been accomplished using graded
index probes, double clad fibers or fiber bundles. In graded index probes, which consist on an
objective lens attached to a relay lens, total internal reflection occurs gradually provoking a
travelling of light rays in a sinusoidal profile [1]. A complete cycle of the sinusoidal pattern is
called a pitch length. However, light rays present optical aberrations at a pitch longer than 0.5.
[1], limiting the usability to short rigid probes (~ 30 mm length). Additionally, at off-axis loca-
tions, resolution decreases due to the graded index profile. In the double clad fiber endo-
scopes, the illumination is delivered through the single mode core. To focus light over the
sample, a lens is attached to the distal tip of the fiber. A mechanism is required at the distal
tip of the endoscope to scan the illumination over the field of view. The presence of such
mechanism limits the miniaturization of the probe. The produced two-photon fluorescence is
collected through the multimodal cladding [1]. A very commonly used endoscopic system for
clinical applications is based on multi-core fibers (MCFs). Their main advantage are the follow-
ing: MCFs are thin (0.3 mm for 6,000 cores), and the section entering the body is passive, i.e
does not contain active electronic components. However, MCF transmits pixelated images
due to the space between the cores (3-5 um), which limits the resolution of the system to the
core to core spacing distance, which is several micrometers [1-8]. A graphical representation
of such devices is shown in Figure 4:1.

SMF to deliver light

Double clad fiber

Power cords for actuator /
X-y piezoelectric or MEMS actuator

Multimode cladding to collect
fluorescent light

b Fiber bundle . \

Figure 4:1 Conventional fiber endoscopes. (a) Double clad fiber endoscope. (b) Multi-core or fiber bundle
endoscope.
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4.2

Wavefront shaping methods using MCFs and multimode fibers (MMFs) have been able to ef-
fectively “de-pixelate” images to obtain diffraction limited resolution. This has been demon-
strated in experiments similar to those to focusing light through scattering media [9-13].
Wavefront shaping methods include phase conjugation in the digital or analog version [14-19],
the measurement of the transmission matrix to provide wide field imaging [20-23] and itera-
tive algorithms that optimize for the brightest intensity at a given location [24-30]. However,
these imaging approaches have been demonstrated using monochromatic light sources. Thus,
for fluorescence imaging, only one-photon excitation was shown.

Two-photon excited fluorescence (TPEF) requires high peak power light sources, which is typi-
cally achieved with pulsed light sources with pulse lengths in the order of hundreds of femto-
seconds. Regarding two-photon endoscopy, Andersen et al have demonstrated two-photon
imaging through a custom MCF with 169 cores [31] using wavefront shaping. In chapter 3 we
have shown scanning and focusing of pulses in a step index MMF while maintaining a pulse
duration of 500 fs through 30 cm fiber propagation [32]. In graded index fibers, spatial focus-
ing of optical pulses has been shown [33]. However, in these previous studies, TPEF imaging
through multimode fibers was not demonstrated.

In this chapter we demonstrate high resolution two-photon excitation imaging through a
graded-index multimode optical fiber. We use time-gated digital phase conjugation to focus
and scan high intensity femtosecond pulses through the fiber [32]. Using a prism pair, the
group velocity dispersion (GVD) occurring in the fiber is compensating, allowing the transmis-
sion of near Fourier-limited optical pulses of 120 fs pulse length. Sectioned images of fluores-
cent beads suspended in a PDMS polymer volume are imaged. The high resolution (1um),
small probe diameter (350 um), large collection efficiency, sectioning capability and ultrashort
focused pulse delivery of our system opens the possibility for in-vivo minimally invasive mul-
tiphoton endoscopy in areas such as the brain, the ear or the eye.

Focusing pulses through the multimode fiber

The experiments were conducted using a Ti:sapphire oscillator shown in Figure 4:2 (Coherent
Mira 900; central wavelength Ac=800 nm; spectral width cA=10 nm; pulse width=100 fs; repe-
tition rate 76 MHz). The capability of our method to form a sharp focused pulse through the
fiber depends on the number of modes than can be controlled simultaneously [32]. In step-
index fibers, the temporal pulse spreading is given by: o, = LA/(2c;) while in graded-index fi-
bers: g, ~ LA?/(4c;) [34]. Due to their smaller modal temporal-spreading, we selected a
graded-index fiber for our experiments. The fiber has a 200 um core diameter, 280 um clad-
ding diameter, 20 cm length, 0.29 NA and supports 26,000 modes at a 800 nm wavelength.
The SLM used for time-gated phase conjugation is a Holoeye Pluto, 1920x1080 pixels, phase
only.
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Figure 4:2 Experimental setup for multimode fiber endoscopy.

4.2.1 Calibration

To generate spatially focused pulses through the multimode fiber, we use the method de-
scribed in the previous chapter, which is time-gated digital phase conjugation. This method
requires the following calibration step, which can be followed in Figure 4:2. The 100 fs pulses
from a Ti:sapphire laser are stretched out in time by a prism pair separated by 164 cm. This
compensates for the group velocity dispersion (GVD) that the pulses suffer as they travel
through the fiber. The GVD compensated beam (calibration beam) is then focused in front of
the 20 cm length graded index fiber by a 40x microscope objective. We call this the “calibra-
tion spot”. As light from the calibration spot enters the MMF it is decomposed into multiple fi-
ber modes, which generate, after propagation to the proximal side of the fiber, a temporally
dispersed and spatially scrambled light field. In an off-axis holographic arrangement, a digital
hologram of the time-gated light field is recorded on the CCD at the other end of the fiber. The
process is repeated at different locations of the calibration spot in a three-dimensional grid.
The digital holograms are stored.

In specific, flip mirror 1 and 2 are removed to let the calibration beam pass through the prism
pair and couple into the fiber by a 40x microscope objective (OBJ2). The field emerging from
the fiber on the proximal side is imaged by a 20x objective (OBJ1) and a 150 mm lens (L1) onto
the CCD, where it is interfered by the pulsed reference beam. The pulsed reference can be de-
layed and is set at the time in which the visibility of the fringes is maximum [32].

4.2.2 Reconstruction

At the reconstruction step, flip mirror 3 is removed allowing the reference to reach the SLM
and reconstruct the phase conjugate version of the recorded field. Light counter propagated
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through the fiber and is focused on the distal side imaged on Camera 2 by a 200 mm lens (L2).
The hologram can be reconstructed with GVD compensation (flip mirrors 1 and 2 in place) and
without GVD compensation (flip mirrors 1 and 2 removed).

At the imaging step, the 2PF is collected through the fiber, reflected by a 650 nm short-
reflected dichroic mirror, and focused on the PMT by a 35 mm lens (L3). This ensures the col-
lection of most of the spectral emission of the sample, whose maximum fluorescence is cen-
tered at 575 nm.

To measure the pulse width of the generated pulses through the fiber we use second order in-
terferometric autocorrelation by introducing two replicas of the pulses on the reference arm
using the interferometer shown in Figure 4:2 and Figure 4:3. As a nonlinear element for the
second order interferometer, we place a homogeneous sample of PDMS with Rhodamine 6G
[35, 36]. The fluorescence is collected through the fiber and measured by the PMT. The back-
ground to maximum ratio of the measured second order interferometric traces is 1/8. A sech?
pulse is assumed to calculate the pulse lengths (0.64 times the width of the envelope of the
autocorrelation trace). For the pulse width measurement in which wavefront control is not
employed, we used an intensity autocorrelator (Carpe APE).

T
—————————— 1
I —_—
I 882/ f
—_ = M8 I
I vy —
I_________;C__,
Interferometer

Figure 4:3 Interferometer for pulse width measurement.

To compensate the GVD of the fiber, we use a prism pair in a reflection configuration shown in
Figure 4:2. For their high angular dispersion and low loss, we selected prisms made of SF10 of
50x50x50 mm. The separation between the prisms was calculated using the following group
delay dispersion (GDD) equation for a prism pair [37]:

A3 d?n 1y rdm\?] dn\? d?n
GDDpr‘ism pair = m 41 W + (Zn - F) (H) sm[? -2 (ﬁ) COSﬁ + 8D W

Equation 4:1 — Calculation of the group delay introduced by a prism pair.

Where n is the refractive index of SF10, D is the beam diameter and B=-2 dn/dA AA.

The prisms themselves introduce a GDD of the same sign as the GVD introduced by the fiber.
To compensate that, the separation between the prisms is larger than that of a prism pair
made of infinitesimally small prisms. For GDD adjustment, the second prism was mounted in a
2D stage that moves parallel and perpendicular to the beam connecting prism 1 (P1) and prism
2 (P2). This wave, movement of the stage, or movement of prism 2 in any of the two direc-
tions, does not introduce misalignment in the beam exiting the prism pair.
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4.3

The speed at which the spots can be reconstructed in this approach is limited by the refresh
rate of the SLM. Recently, a rotational memory effect of multimode fibers has been reported,
which can reduce the calibration and reconstruction time [38]. Fiber bending introduces
changes in the propagation of the fiber modes. In our set-up, recalibration is required if the fi-
ber is bent. However, this can be solved by incorporating a bending-compensation method via
geometric characterization of fiber bending [20] or by measurement of the proximal speckle of
a fiber with a distal reflective coating [39].

Scanning focused pulses through the multimode fiber

4.3.1 Spatial characterization

Once the calibration process is completed, the phase conjugated field of each recorded holo-
gram is sequentially reconstructed (the flip mirror is removed) with a spatial light modulator
(SLM). The reconstructed field counter propagates through the fiber generating a temporally
and spatially sharp focused spot at the distal end. We define the enhancement of the focused
pulse as the maximum intensity value in the focused spot divided by the average intensity in
the background. As in scattering media, a larger number of controlled modes yields a better
focusing capability; hence, greater enhancement [9]. Modes in graded index fibers are con-
fined closer to the core and suffer less modal dispersion than in step-index fibers, which was
the case described in chapter 2. However, this results in a drop of the enhancement value
when the focus is away from the center of the fiber also called the optical axis. Figure 4:4
shows the experimental results of intensity, enhancement, and spot size of a 40x40 grid of fo-
cused pulses generated sequentially 100 um away from the facet of the fiber. The spots are
spaced 2 um apart. For illustration purposes, Fig. 2(a) shows half of the generated spots (every
4 um).

The FWHM spot size of the focused pulses is inversely proportional to the numerical aperture
of the fiber. For an observer located on the distal side, the effective numerical aperture of the
fiber depends on the position of observation, being maximum at the center [15]. Therefore,
the spot size is minimum at focusing locations near the optical axis as shown in Figure 4:4 (c)
and Figure 4:4 (e). Simulation shows that the spot size across the fiber diameter in Figure 4:4
(e) is limited by the numerical aperture of the fiber.
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Figure 4:4 Scanning of the focused spot at the fundamental wavelength of 800 nm. (a) Sequential superpo-
sition of a focused pulse scanned in a 80x80 um field of view. Scanning step is 4 um. (b) Intensity enhance-
ment of the focused pulse as a function of scanning position. (c) FWHM size of the focused pulses as a func-
tion of scanning position. (d) Line profile of (b) at the location of the dashed lines. (e) Line profile of (c) at
the location of the dashed lines. Scale bars are 10 um. The dashed orange circle represents the core of the
multimode fiber.

4.3.2 Temporal characterization

As demonstrated in [32], the counter-propagation of a time-sampled set of modes excites only
fiber modes that travel at approximately the same speed (group velocity). These modes gen-
erate a focused pulse which does not suffer from modal dispersion. However, group velocity
dispersion GVD still occurs. GVD is a phenomenon by which the spectral components of light
travel through a material at different speeds (dn/dA++0) which results in broadening of the
propagating pulse in time [34].
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In our experiments, we compensate for the GVD occurring in the 20 cm length of the fiber by
passing the beam through a prism pair (shown in Figure 4:2) separated by 164 cm, which in-
troduces a total group delay of —7200 fs2. Dispersion compensation enhances the visibility of
the fringes at the calibration step, and allows the reconstruction of a 120 fs pulse when used
at the reconstruction step, close to the initial 100 fs. In our experimental setup, the compensa-
tion of GVD is optional at the reconstruction step.

Figure 4:5 compares the intensity and the pulse length of a line of pulses focused through the
fiber when the hologram is reconstructed without GVD compensation and with GVD compen-
sation on the reference. In the absence of GVD compensation, the pulse length is longer, on
average 222 fs, due to the temporal broadening produced by GVD in the fiber as shown in Fig-
ure 4:5 (b). In contrast, when the pulse is GVD compensated before reconstruction, the spec-
tral dispersion of the excited modes is canceled after propagation through the fiber. All spec-
tral components arrive simultaneously at the distal side of the fiber and produce a short fo-
cused pulse, on average 117 fs. A small temporal broadening is observed, from 100 fs to 117 fs
which is attributed to the GVD set-up (prism pair in Figure 4:2) where some spectral compo-
nents angularly dispersed by the first prism are not collected by the second prism. The slight
variations in pulse width (a standard deviation of 15 fs for no GVD compensation and 17 fs in
the other case) are produced by slightly different propagation paths in the fiber, depending on
the location of the generated spot and the specific excited modes. Figures Figure 4:5 (b) and
Figure 4:5 (c) show the second order interferometric autocorrelation trace and envelope of
pulses focused at the center of the fiber. For the case of no GVD compensation [Figure 4:5 (b)],
we can notice an increased non-oscillating intensity at the tails of the pulse, which indicates
that the delivered pulse is chirped. For the case of GVD compensation [Figure 4:5 (c)], the ef-
fect is less evident because material dispersion in the fiber is compensated. Figure 4:5 (a)
shows the intensity autocorrelation trace of a pulse transmitted through the fiber when wave-
front control is not being used (light is focused in the optical axis on the proximal side of the
fiber and the pulse length is measured at the distal side). In this case, the pulse is broadened
due to GVD and modal dispersion, reaching a pulse length of 745 fs from the initial 100 fs.
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Figure 4:5 Pulse width characterizations. (a) Intensity autocorrelation of the delivered pulse when no wave-
front control is used. (b), (c) Sample interferometric autocorrelation traces of the central focused pulses
with and without GVD compensation respectively. (d) Pulse width vs position.

Regarding the intensity enhancement, it depends on the position of the focused pulse as
shown in Figure 4:6 (b). The enhancement of the generated focused spots shown in Figure 4:6
(a) and is on average 252 and 220 within a 20 um radius from the optical axis, for the case of
GVD and no GVD compensation, respectively. Hence, the spectral correction achieved by GVD
compensation not only reduces pulse broadening, but also enhances the intensity of the fo-
cused spot. Since the cross section of the optical fiber is azimuthally symmetric, for the de-
scribed results, we can characterize the spots scanned only along a line passing through the
optical axis at the center of the core without loss of generality. Taking into account a transmit-
tance of 75% through the GVD compensation set-up (prism pair), in our experiments, the sig-
nal to noise ratio of the focused spot is enhanced by a factor of 1.6, equivalent to a factor of
2.56 when the spot produces fluorescence on a suitable sample, when GVD is compensated.
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Figure 4:6. Intensity characterization of light focus through the fiber. (a) Line of focused spots. (b) Intensity
enhancement of the focused spots shown in (a). Scale bar is 10 um.

4.4  Imaging through the multimode fiber

4.4.1 Two-photon imaging

Two-photon microscopy is an enhanced imaging technique compared to single photon micros-
copy, which intrinsically allows sectioning in bulk tissue because of the natural suppression of
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out-of-focus fluorescence in the two-photon absorption process, resulting in enhanced image
contrast and reduced photo-damage to the sample. Additionally, the large spectral separation
(close to half) from the excitation central wavelength to the center of the fluorescent emission
simplifies the detection of the fluorescent signal and also allows staining with various fluoro-
phores that can target specific structures in the cell. This way, just by changing the detection
filter, or changing the excitation wavelength, different cellular structures in tissue can be iden-
tified. In single-photon fluorescent this spectral separation is harder to achieve due to the
spectral proximity between the excitation and the fluorescent emission. All the advantages of
two-photon imaging are available in commercial microscopes. However, multiphoton imaging
through multimode optical fibers has not been demonstrated until this work.

4.4.2 First demonstration of two-photon imaging through a multimode fiber

Once we are able to generate and scan a grid of focused pulses at different planes through the
multimode fiber, the next step is to use the system as a two-photon endoscope. In two photon
fluorescent emission (2PFE), two photons of long excitation wavelength are simultaneously
absorbed by a fluorophore. When the fluorophore returns from the excited to the ground
state, a photon of higher energy than any of the two absorbed photons is emitted [40].

To acquire an image, optical pulses focused through the fiber are scanned over a volume com-
pose of a fluorescent material or biological sample. The fluorescence is collected through the
same fiber and “picked up” by a dichroic mirror as shown in Figure 4:2 and then detected and
amplified by a photo-multiplier tube (PMT). To increase the signal to noise ratio (SNR) of the
fluorescent signal, two short pass filters with cutoff wavelength of 650 nm and 700 nm, not
shown in Figure 4:2, are placed in front of the PMT. On the proximal side, the microscope ob-
jective and optical lenses placed between the dichroic mirror and the fiber produced unde-
sired reflections that add background intensity to the fluorescent signal detected at the PMT.
With the combination of the dichroic mirror and two short-pass filters the background intensi-
ty from the excitation beam is significantly suppressed, allowing the detection of the two-
photon fluorescent signal detected through the fibers.

For the first imaging demonstration a thick fluorescent sample is prepared and place on the
distal side of the fiber. The fluorescent signal is collected through the same fiber and meas-
ured on the proximal side with a PMT. The first sample consists of no-fluorescent 20 microme-
ter diameter beads suspended in a fluorescent homogeneous medium of PDMS stained with
Rhodamine 6G. The recorded image is shown in Figure 4:7. Here the fluorescence comes from
the medium around the beads, but the contrast between the beads and the medium makes
possible the acquisition of the image.
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20 um

Figure 4:7 The first two-photon image acquired through a multimode optical fiber. (a) Bright-field transmis-
sion image using a 40x objective. (b) Two-photon excitation image through a 200 micrometer core multi-
mode fiber. The bead looks dark because, in this case, the surrounding medium is fluorescent and the bead
is not. The yellow circle represents the scanning window used for the acquisition of the two-photon image.

4.4.3 Imaging of fluorescent beads through the multimode fiber

The next sample consists of 1-5 um fluorescent beads (Cospheric FMR — Red Fluorescent Mi-
crospheres) suspended in a transparent PDMS volume. The spectral emission of the beads is
centered at 575 nm. The fluorescent beads were mixed with PDMS in a concentration of 1 mg
of beads per 100 mg of PDMS with 10 mg of curing agent. A drop of the mixture was placed on
a 100 um thick glass slide and spin coated 60 seconds at 1000 rpm to achieve a flat 55 um
PDMS thickness. Finally, the sample was cured in a hot plate at 80° C for 60 minutes. This solid-
ifies the PDMS and fixes the beads in the volume. The sample is illustrated in Figure 4:8.

X

Figure 4:8 3D volume of fluorescent beads suspended in non-fluorescent PDMS.

An excitation wavelength of 800 nm is used. The spectral emission of the beads is centered at
575 nm. We scan the focused pulse digitally by changing the phases on the SLM every 700 nm
in a grid of 40x70 points (28x49 um FOV). We scan the planes from 0 to 50 um inside the sam-
ple. Figure 4:9 shows the sectioned images. A Gaussian filter of 0.5 variance is applied on the
image to reduce noise. Both set of images, with and without filtering are shown below.
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Figure 4:9 Two-photon images of fluorescent beads. Scanning volume is 28x49x50 um. Scale bars are 10
pm.
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The following images show two examples samples of the planes perpendicular to the plane

shown in Figure 4:9.
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Figure 4:10 Two-photon images of fluorescent beads. (Left) y-z plane, (right) x-z.

In multi-photon absorption, the number of fluorescent photons produced in two-photon emis-

sion is given by [40]:

Ng
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Equation 4:2 — Fluorescent photons.

Where n, is the number of fluorescent photons, py is the average power, 7, is the pulse
length, f, is the repetition rate of the source, J'is the two-photon absorption cross section and

NA is the numerical aperture of the fiber.

4.4.4 Characterization and compensation of the non-uniform resolution over the field of
view

As described before, the intensity enhancement and spot size is a function of the scanning po-
sition at the distal end of the fiber. Hence, we calculate a quantity proportional to n, called
the normalized two-photon fluorescence (2PF normalized), which is shown in Figure 4:11. In a
homogeneous fluorescent medium, focused pulses generated through the fiber near the cen-
ter of the optical axis produce a larger number of fluorescent photons. Therefore, to recon-
struct correctly the original image, we require a compensation of the over-measured intensity
in the central area, which can be performed as a post-acquisition process.
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Figure 4:11 Normalized fluorescent photons as a function of position. Scale bar is 10 um.

Two-photon fluorescence occurs in a smaller volume than single photon absorption. Hence,
the point spread function (PSF) of the two-photon imaging fiber device is V2 times smaller
than the linear PSF. Additionally, 2PF suppresses the out of focus excitation. This is illustrated
in Figure 4:12, which shows the linear and 2PF PSF of the fiber imaging system. The intensity
after the first zero of the airy disk is significantly reduced by the two-photon process as seen in
Figure 4:12. In summary, the 2PF images acquired with the proposed system have a lateral
resolution smaller than 1.05 pum within a 40 um diameter circle centered at the optical axis
with a two-photon equivalent enhancement larger than 57,000. Resolution is smaller than 1.4
um in a 60 um diameter FOV. The axial resolution, which is associated to the depth of field, is
given by: d, = 2.221/NA?. Near the optical axis, the theoretical single photon axial resolution
is 15 pm and the two-photon axial resolution 10 pm (a factor of /2 smaller). This calculated
value matches the experimental data. From the line profile, we obtain a Gaussian fit. Then, we
numerically de-convolve the fitted data with a simulated 4 um size fluorescent bead. The de-
convolution results in a two-photon PSF of 10 um resolution, which matches the theoretical
value. The maximum average power delivered to the sample is 22 mW, which corresponds to a
spot energy of 0.27 m]/cmz.
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Figure 4:12 Experimental PSF of the multimode fiber imaging system. (a) Single-photon fluorescence. (b)
Two-photon fluorescence. (c) Normalized PSF of (a) and (b) aty = 0.

Imaging of biological samples with the two-photon multimode fiber endoscope

As mentioned before, both set of images shown in section 4.4.2 and 4.4.3 were acquired
through a 200 um core diameter, 20 cm long graded index multimode fiber. However, to in-
crease the resolution of the two-photon imaging system a graded index (grin) lens (0.5 mm
length, 70° view angle, 250 um diameter) is attached to the distal end of the multimode fiber
as shown in Figure 4:13 Multimode fiber probe. The white horizontal lines are the reflection of
the lamp of the microscope. . The images shown in section 4.4.2 and 4.4.3 were taken with the
lensed fiber. The lens increases the numerical aperture of the fiber from 0.29 to 0.34 (resolu-
tion changed from 1.2 um to 1 um) but reduces the circular field of view (FOV) of the fiber
from 200 um diameter to 106 pum. The increase of the NA is not so significant because the lens
diameter is larger than the core diameter of the fiber, otherwise the NA can be increase to
above 0.5 as will be shown in the next sections. There is a tradeoff between resolution, FOV
and probe diameter. For example, using a fiber with a core diameter equal to 600 um and a
lens of same magnification as the one used in our experiments, the maximum FOV of the sys-
tem would be 318 um. The multiphoton imaging principle demonstrated in this work can be
extended to lensless and thinner or thicker graded index fibers without loss of generality.
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Figure 4:13 Multimode fiber probe. The white horizontal lines are the reflection of the lamp of the micro-
scope. The fiber is 20 cm length (only the lensed side of the fiber is shown)

Using the multimode fiber endoscope based on the optical fiber shown in Figure 4:13, but of
10 cm length instead of 20 cm, two-photon fluorescent images of biological tissue were ac-
quired. The fiber was shortened for the following reason. As explained in Chapter 3, the ability
to focus light through multimode fibers is directly linked to the number of phase conjugated
modes, which depends on the temporal separation of the time-sampled modes when they
reach the other end of the fiber in the calibration step. Since each mode travel at a constant
speed, in a very long fiber, sampling of only one mode is possible. However, the ability to focus
light depends on the degrees of freedom or number of modes phase-conjugated. Therefore,
spatial focus could not be achieved upon phase conjugation, only a transmission of the mode
spatial intensity profile. On the contrary, if a shorter fiber is used, more modes per temporal
window can be sampled, counter propagate and constructively interfere, allowing a sharper
and brighter phase conjugated spot. A brighter spot produces a larger number of fluorescent
photons as shown in Equation 4:2. Therefore, we select a shorter fiber, 5 cm long. In the ex-
periments shown in the rest of the chapter, no GVD compensation is used because the fiber is
so short that the gain in peak power is equivalent to the losses introduced by the GVD com-
pensation prism pair. Therefore is not necessary to make the compensation at this shorter fi-
ber length.

The chosen sample is an ex-vivo organ of corti, which is a structure that contains the hearing
cells. It is located inside the cochlea of humans and many animals. In mammals, the cochlea
has a spiral structure inside the inner ear.

In all the following images of biological tissue acquired through the fiber, an ex-vivo mouse or-
gan of corti is used as the specimen. On average, the thickness of the tissue conforming the
organ of corti is 50 um. The organ of corti is extracted from a mouse cochlea and stained with
Rhodamine 6G, which is a common fluorophore used in two-photon imaging at excitation
wavelengths centered at 800 nm, as in this multimode fiber endoscopic system.
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30um x30 um

Figure 4:14 Imaging of biological tissue through the multimode fiber. (Above) Bright field transmission im-
age of the sample. (Below) Sectioned images acquired through the multimode fiber.

The upper part of Figure 4:14 shows the white light transmission image of the organ of corti
acquired with a control camera (Camera 2 in Figure 4:2). The lower part shows a sequence of
two-photon images at different depths within the sample taken through the multimode fiber
endoscope. For this type of sample, the resolution (1.4 um) is not enough to visualize the spac-
ing between the contiguous cells. In the mouse cochlea, the diameter of the hearing cells
range from 5 to 7 um.

4.4.6 Increasing the resolution of the multimode fiber endoscope

The lensed fiber design shown in Figure 4:13 only increases the NA of the fiber from 0.29 to
0.34 due to the fact that the lens diameter (250 um) is larger than the fiber core diameter (200
um). This lens was the smallest diameter lens found commercially available. Therefore, light
traveling from the fiber towards the lens does not cover the entire radius of the lens, which
means that does not take all the advantage of the NA that could be achieved if the light
emerging from the fiber covers the entire lens. To overcome such limitation, in the following
lensed fiber, larger fiber core diameters are used.

The next imaging probe is a graded index multimode fiber with 600 um core diameter of 5 cm
length. A semi-spherical lens is attached to one fiber ends to increase its numerical aperture
and the resolution of the imaging device. The fiber embodiment in shown in Figure 4:15. The
semi-sphere provides the fiber with a maximum NA at a working distance of 180 pum as shown
in Figure 4:17. We selected this fiber-semi-sphere configuration because the working distance
is a necessary feature in two-photon to access deep within the tissue. With a 0 working dis-
tance, as in the case of the fiber-lens arrangement of Figure 4:13, the cero working distance of
the grin lens implies that any spot generated far from the proximal tip will have a resolution
degraded as explained in chapter 3. Therefore, the half sphere is more convenient in this case
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to be able to image deep within the sample. The position of the semi-sphere shown in Figure
4:15 was the only one easy to integrate. However, the preferred design shown in Figure 4:16,
which could not be attached by conventional methods ensuring sealing and isolation of the air
space between the fiber and the lens, would have been more convenient for imaging in biolog-
ical tissue which is usually surrounded by blood or water in living cavities. In such embodi-
ment, the increased NA is produced by the light bending capability of the half sphere occurring
at the sapphire-air interface. If the fiber shown in Figure 4:15 is dip into a liquid cavity, the in-
crease NA capability is significantly reduced, whereas in the preferred embodiment shown on
Figure 4:16, the sapphire-air interface is between the lens and the fiber, providing a final tip
that can be dip into a high NA medium without a significant decrease in the resolution.

d

Sapphire Half-ball
lens, n=1.77

N
¢

Multimodefiber (0.29 NA)

600 pm

250 pm 250 pm
=] L)

Figure 4:15 Multimode fiber lensed with a half-ball lens. (a) Graded index multimode fiber with a half
sphere attached to one end. Fiber length is 5 cm. (b) Proximal side of the fiber endoscope. (c) Distal side of
the fiber endoscope. The white circle in the center of the half sphere is the reflection of the lamp of the mi-

croscope used to acquire the image.

Multimode fiber (0.29 NA) Half-ball lens
e

>,
Holding housing]\

Figure 4:16 Preferred embodiment of the fiber lensed with a half-ball or semi-sphere lens. In terms of opti-
cal performance this arrangement is equivalent to the one shown in Figure 4:15 (a). This embodiment could
not be attached with conventional methods.

Although the working distance can be kept fixed and z scanning can be accomplished by mov-
ing vertically the sample, the main drawback of the resolution in the semi-sphere approach lies
on its strong dependence on lateral position as shown in Figure 4:17. The rapid drop in the lat-
eral and axial resolution or NA as a spot is generated farther from the optical axis significantly
limits the resolution of the imaging device, as shown in Figure 4:18 and Figure 4:19. A better
implementation would be to use a custom built multi-element imaging system, which can be
3D printed directly on the tip of the fiber such as the one shown in [41, 42]. However, for the
demonstration of two-photon imaging through multimode fibers, although with a reduced
field of view, the half-sphere lens approach is enough.
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NA vs Position

500 600 700
Working distance ( pm)

Figure 4:17 Calculated NA versus lateral x position for the MMF lensed with a half-sphere sapphire lens
shown in Figure 4:15. The calculation starts at the working distance with the highest resolution (wd = 180

um).
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Figure 4:18 Calculated axial resolution versus lateral x position of the multimode fiber endoscope shown in
Figure 4:15.
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Figure 4:19 Calculated lateral resolution versus lateral x position of the multimode fiber endoscope shown
in Figure 4:15.

4.4.7 Two-photon imaging of biological samples with the multimode fiber endoscope

The extracted stained organ of corti is fixed on a coverglass as shown in Figure 4:20. The
lensed tip of the fiber is placed at 180 um from the tissue. The shaped wavefront is recon-
structed and the lateral scan of the focused pulses on the sample is accomplished by changing
the reconstructed phases on the SLM. The sample is moved away from the fiber by a motor-
ized stage with a step of 4 um. At each position, the spots are digitally scanned in an entire
plane with a 0.5 um lateral separation. For each generated spot, a two photon signal is meas-
ured and the image for each plane is acquired.

Tissue

™\

Shaped

Multimode fiber (0.29 NA)
wavefront

Coverglass

Figure 4:20 Two-photon imaging configuration.

Figure 4:21 shows the white light transmission image of the sample. Figure 4:22 shows the re-
spective sections of the acquired two-photon images. These images were not post processed
neither enhanced after acquisition. They clearly show the sectioning capability of two-photon
emission. The hearing cells can be evidently identified.
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Scanning window
20 pm x 35 um

Figure 4:21 White light transmission image of the mouse cochlea.

Figure 4:22 Two-photon images of the stained mouse cochlea acquired with the multimode fiber endo-
scope. The circle structures are the hearing cells. These are the raw images, no image processing or noise
reduction filter has been applied. Scale bars are 9 um.

The experiment was repeated using an extended field of view in order to visualize a larger
number of hearing cells. The wide field image of the sample and the two-photon sections are
shown in Figure 4:23. The two-photon sections are displayed in Figure 4:24. The lateral scan-
ning step is 0.5 um.
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Scanning window
50 um x 70 pm

Figure 4:23 White light transmission image of the mouse cochlea.

Figure 4:24 Two-photon images of the stained mouse cochlea over an extended field of view acquired with
the multimode fiber endoscope. The circle structures are the hearing cells. These are the raw images, no
image processing or noise reduction filter has been applied. Scale bars are 14 um.

As a comparison, two photon images of a mouse cochlea were taken with a commercially
available two photon microscope (Leica TSC SP5 multi-photon). The images are shown in Fig-
ure 4:25.

Comparing Figure 4:24 and Figure 4:25, both, the endoscope and the two-photon microscope
provide images in which the hearing cells can be visualized, which is necessary for research in
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biological and some clinical applications. The difference lies in the resolution, which in the
proposed multimode fiber approach is given by a numerical aperture equal to 0.58 at the opti-
cal axis, whereas in the commercial two-photon, the numerical aperture of the objective is 1,
which is higher. Regarding the acquisition time, on the MMF system, it is limited by the refresh
rate of the SLM (20 Hz). At maximum SLM refresh rate, each section of Figure 4:24 takes 12
minutes to be acquired whereas in the two photon microscope a couple of seconds.

z2=30 um

Figure 4:25 Two-photon images of the stained mouse cochlea acquired with a commercial two-photon mi-
croscope (Leica TSC SP5 multiphoton microscope). The rounded structures are the hearing cells. Scale bars
are 25 um.

Conclusions

In this chapter, two-photon excitation imaging of fluorescent beads and biological tissue
through various optical fibers has been demonstrated. Our method is based on time-gated dig-
ital phase conjugation, which allows the generation of focused pulses on the other side of a
multimode fiber. To acquire an image, the focused femtosecond pulse is scanned in a three-
dimensional mesh, producing two-photon excitation on each spatial location of the thick sam-
ple. Collecting the fluorescence through the fiber, a two-photon 3D image was acquired.

Our digital scanning method does not require distal mechanical elements, allowing an ultra-
thin probe of 350 um diameter. The large area of the fiber and high numerical aperture (0.34
NA) allows large collection efficiency. The reduced modal dispersion of graded-index fibers al-
lows the simultaneous control of a larger number of modes, generating a brighter focused
pulse compared to the case of step-index fibers. Time-gated phase conjugation of a pre-GVD
compensated beam prevents pulse broadening due to GVD of the pulse propagating through
the fiber, generating an ultrashort pulse of 120 fs duration. The high intensity focused pulse is
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4.7

generated outside of the fiber avoiding nonlinearities in the propagating pulse. Our work sets
the basis for in-vivo ultra-thin two-photon endoscopy.

We made several attempts to increase the resolution of the imaging system by attaching vari-
ous types of lenses to the multimode fiber. However, the best way to achieve, but not imme-
diately available at the time in which we performed those experiments, is to micro-fabricate a
custom objective on the tip of the fiber as in [41, 42].

The imaging probe provides an image quality comparable to those achieved with commercial
two-photon microscopes. Therefore, it sets the basis for a next generation of minimally inva-
sive endoscopes that in the future could be available in research labs and hospitals.
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Chapter5 3D printing through a

multimode fiber

In the previous chapter, the use of a multimode optical fiber as a two-photon endo-
scope has been presented. The working principle is based on the scanning of focused optical
pulses through the multimode fiber. The small focusing area, short temporal duration (hun-
dreds of femtoseconds) and high peak power of the delivered pulses can generate multi-
photon absorption processes that are not limited to imaging as will be shown.

This chapter presents how the capability of producing multi-photon phenomena at the tip of
an ultra-thin needle can be exploited in a completely different application: 3D printing. In this
case, instead of producing two-photon florescence, the focused optical pulses are used to trig-
ger photo-polymerization of a material that is absorbent at half of the excitation wavelength.

3D printing based on additive manufacturing is an advanced manufacturing technique that al-
lows the fabrication of arbitrary macroscopic and microscopic objects. Many 3D printing sys-
tems require large optical elements or nozzles in proximity to the built structure. This prevents
their use in applications in which there is no direct access to the area where the objects have
to be printed. Here, we demonstrate three-dimensional microfabrication based on two-
photon polymerization (TPP) through an ultra-thin printing nozzle of 560 um in diameter. Us-
ing wavefront shaping, femtosecond infrared pulses are focused and scanned through a mul-
timode optical fiber (MMF) inside a photoresist that polymerizes via two-photon absorption.
We show the construction of arbitrary 3D structures built with voxels of diameters down to
400 nm on the other side of the fiber.

To our knowledge, this is the first demonstration of microfabrication through a multimode op-
tical fiber. We call it endofabrication.

Some of the results presented in this chapter have been submitted for publication under the
name: “Three-dimensional microfabrication through a multimode optical fiber”. The article is
currently under peer-reviewed process.

Introduction to photo-polymerization

As already mentioned briefly in Chapter 1, additive manufacturing consists on various fabrica-
tion techniques that enable the direct construction of objects of any desired shape and size
made of materials such as plastics, metals, and ceramics from a computer aided designed
(CAD) model. A 3D printing method that allows the fabrication of high resolution microstruc-
tures is Direct Laser Writing (DLW). In DLW structures can be made of a broad selection of pol-
ymer-based materials of various mechanical, electrical and optical properties. Applications of
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micro-structures range from scaffold-like assemblies for cell growth [1, 2] to optical compo-
nents such as complex micro lenses, waveguides, diffractive optical elements, photonic crys-
tals, components for optical data storage, microfluidics, nanophotonics or micro-
electromechanical systems (MEMS) [3-15]. All these structures can be built with hundreds of
nanometers in resolution.

DLW is based on photo-polymerization, a phenomenon in which the solubility of a photosensi-
tive material is reduced and becomes solid upon light exposure. Those materials are based on
a resin made of chemical compounds called monomers that are mixed with a photo-initiator in
order to become cross-linked upon absorption of photons, suffering a subsequent polymeriza-
tion within the boundaries of the illuminated volume [16]. Similarly as it occurs in fluorescent
microscopy, photo-polymerization can also be triggered by multi-photon absorption process-
es. In the case of two-photon polymerization (TPP), its nonlinear dependence on peak intensi-
ty results in a tightly confined volume of both absorption and polymerization within the high
energy focused pulses impinging in the photoresists, leading to a smaller volume of polymeri-
zation when compared to single photon polymerization. Scanning of the light focus with re-
spect to the photoresists allows the fabrication of structures [10, 17-20]. A post exposure
phase known as “development” dissolves and removes the unexposed portion of the photore-
sists.

Since its first demonstration in 1996 [18], TPP has reached printed micro-structures with reso-
lutions in the order of hundreds of nanometers [21]. As in STED microscopy, where a second
light beam can be used to prevent fluorescence around the excitation light focus, a second
beam can be used to inhibit polymerization in the surroundings of the light focus used to pol-
ymerize, allowing an enhanced resolution (tens of nanometers) in the printed micro structures
in a single-photon absorption process [22, 23].

A significant disadvantage of all the existing DLW fabrication methods is that the 3D printed
structures can only be fabricated in proximity to very large optical elements. This prevents the
microfabrication of objects inside the body or in cavities difficult to access. In this chapter we
present a new method that disrupts those limitations.

As explained in chapter 2, different methods to focus and scan light patterns [24-39] and opti-
cal pulses [40-44] through scattering media and multimode optical fibers have been devel-
oped. The multimode fiber itself does not directly allow the transmission of images or focused
optical pulses. In the fiber, dispersion and modal mixing, given by the propagation of light as a
set of fiber modes, produces a scrambled intensity profile and a broad temporal profile. We
have previously developed the method presented in chapter 2 that allows the transmission of
focused optical pulses with a femtosecond temporal profile unaffected by modal dispersion
[42].

In the following sections, an experimental demonstration of two-photon polymerization 3D
printing through a fiber-based optical system is presented. First, with a very simple setup, we
characterize the minimum power and exposure time that allows polymerization of the photo-
resists with a microscope objective to investigate the feasibility of photo-polymerization under
similar light focusing conditions as those available when focusing light through a multimode
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optical fiber. Then, using a method for scanning and focusing of optical pulses through multi-
mode fibers based on optical phase conjugation [45, 46] and wavefront shaping [42], fiber
modes with the same group velocity are excited and forced to interfere at a given location
forming a high intensity optical pulse. This focused pulse is scanned in a 3D volume of a photo-
resist, producing polymerization within the optical voxel, allowing the fabrication of structures
of arbitrary shape with sub-micrometer resolution through the multimode fiber. This scanning
method does not require any distal scanning element, allowing an ultra-thin 3D printing probe.
In the end of the chapter the 3D printed micro-structures are shown.

From a technological point of view, this ultra-thin 3D printer enables high resolution microfab-
rication in a whole new set of applications where conventional 3D printing methods cannot
have access, such as inside of biological tissue or in the interior of already built structures and
places with difficult access.

Principle of two-photon polymerization

All the experiments presented in this chapter were conducted using a Ti:sapphire laser (Co-
herent Mira 900; with central wavelength Ac=800 nm; spectral width cA=10 nm; pulse length
of 100 fs; repetition rate 76 MHz and maximum output average power of 800 mW). The pho-
toresist used in all our experiments is IP-L 780 from Nanoscribe GmbH, which can be polymer-
ized via two-photon absorption at an excitation wavelength centered at 800 nm.

In order to demonstrate the feasibility of multimode fiber 3D printing, we begin with simple
DLW experiments, which consist on producing two-photon polymerization under peak power
conditions as close as possible to those expected when focusing light through multimode fi-
bers. To meet such conditions, we use a 40x microscope objective of 0.65 NA to focus the
femtosecond light beam on the photoresists as shown in Fig. 5:1 (a). For DLW, objectives with
very high NA are typically used (oil immersion objectives with NA = 1.4). However, in this case
we use a lower NA objective because our goal is to polymerize through a lensed multimode fi-
ber with a numerical aperture equal to 0.54. A detailed explanation of the DLW experiments is
presented in the next paragraphs.
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Figure 5:1 Working principle of direct laser writing (DLW). (a) DLW based on a micro-
scope objective. (b) DLW based on a multimode fiber. The fiber can enter and micro-
fabricate inside areas difficult to access.

Photoresists for TPP are usually composed of monomers mixed together with photoinitiators.
Monomers are molecules capable of forming polymer chains via cross-linking [16]. This makes
of the photo-resist a less soluble substance, when placed in the developer, in the regions
where cross-linkage occurred. Cross-linking and its subsequent polymerization can be pro-
duced by free radicals [47, 48]. Those radicals are generated when the photoinitiator is ex-
posed to light. Photoinitiators are made of molecules that can produce free-radicals when ex-

posed to light.

Oxygen is an element present in the air that can inhibit polymerization as follows: It reacts
with the free radicals produced by the illuminated photoinitiator forming peroxy radicals,
which does not produce cross-linkage [49]. If the light intensity impinging on the photoresist is
low, the oxygen diffused from the surroundings prevents polymerization because free radicals
are generated at a smaller rate than the peroxy radicals. On the contrary, if the light intensity
is high, the generation rate of free-radicals is larger than the generation rate of the non-
polymerizing peroxy radicals, producing polymerization in the illuminated volume [16].

In polymerization the volume where the photoresist is polymerized is called a voxel. Being able
to achieve the smallest possible voxel size is essential to create precise 3D micro-structures. As
mentioned before, oxygen diffusion, laser power, exposure dose and optical resolution are the
quantities that set the minimum achievable voxel size and the power threshold for polymeriza-

tion.

Another important feature of photopolymerization is the inherent threshold characteristic of
the cross-linking process. If the intensity of the light is below a certain threshold value, the
photoresists will be removed by the developer, otherwise the exposed volume is polymerized
when the light intensity is over the threshold. This occurs due to the non-linear solubility of
the photo-resist in the developer as a function of exposure dose [16]. The solubility drops at a
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given exposure dose, leading to the threshold behavior as depicted in Fig. 5:4 (a). The intensity
distribution corresponds to the light intensity at the focal plane of a microscope objective (line
profile of an Airy disk). Only the region of the light focus where the intensity is above the
threshold level will produce photopolymerization.

The exposure dose can be expressed as:

D « PN
Equation 5.1: Exposure dose

Where T is the exposure time, P the power and N is the order of the non-linear absorption
mechanism. The threshold power Py, is proportional to t(=1/N) 35 can be derived from Eq.
5:1. The proportionality holds true when the exposure time is small. The threshold is produced
by the non-linearity of its solubility [16]. On the other hand, for larger exposure times, the
same exposure dose can be achieved by reducing the power. There is a limit in the minimum
power that can trigger polymerization. At low light intensities, oxygen diffusion is more signifi-
cant than the generation rate of radicals, preventing the occurrence of polymerization. Hence,
at low intensities, the intensity threshold is given by the oxygen diffusion rather than by expo-
sure time.

Photo-polymerization can occur independently of the excitation mechanism. Hence, it can be
produced by single photon or multi-photon absorption.

Demonstration of two-photon polymerization with a microscope objec-

tive

These experiments begin with the photopolymerization using a microscope objective as shown
in Fig. 5:2 (b)).

As mentioned in the previous section, the voxel diameter depends on the time the photore-
sists is exposed to light. Hence, in our first experiment, we characterize the 3D printed lin-
ewidth at different exposure times. The photoresist is sandwiched and sealed between two
coverslips as illustrated in Fig. 5:2 (b). We set an average power at the back aperture of the
objective at 20 mW, which is close to the peak power available when polymerizing through the
multimode fiber. The excitation is delivered through a 170 um thickness glass which reaches
the photoresists at the flat interface. To achieve different exposures, the microscope objective
is moved at different velocities with respect to the photoresists along an 80 um line. The fo-
cused light on the photoresists follows a square zigzag path to ensure illumination of the pho-
toresists even if the sample is slightly tilted with respect to the movement of the objective. To
perform a linewidth characterization without shrinkage [47], we measure the linewidth with a
differential interference contrast microscope (DIC microscope) without developing the sample.
The results are shown in Fig. 5:2 (c). The highest printing velocity for which polymerization was
detected is 90 um/s. This value corresponds to an exposure time per diffraction-limited spatial
focus of 8.3 ms. The linewidth decreases for higher writing speeds as expected, with the
smallest measured linewidth equal to 1.9 um. The linewidth is thick due to the layered struc-
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ture used which over exposes several times the polymerized voxels when writing the next lay-
er.

As mentioned at the beginning of this chapter, oxygen present in the air diffuses into the pho-
toresist and acts as a cross-link inhibitor. In order to decrease the concentration of oxygen, ni-
trogen can be bubbled into the recipient that contains the photoresist, lowering the threshold
power required for photopolymerization [16]. Hence, for the next experiment, nitrogen is
bubbled into the photoresist during 10 minutes. The sandwiched configuration of photoresist
between two cover slips was used to isolate the photoresist from the surrounding air and pre-
vent further oxygen diffusion. The sample is exposed with the 40x objective at different veloci-
ties and at decreasing powers until identifying the minimum power that produces polymeriza-
tion. Fig. 5:2 (d) shows the resulting threshold powers at different writing speeds for both cas-
es: with and without nitrogen bubbling. At low writing speeds we can find the limit of the
threshold power. Below this minimum power threshold, no matter how large the exposure
time is, polymerization do not occurs. For writing speeds above 100 pm/s, the threshold pow-
er increases with writing speed following the nonlinear dependence. After nitrogen is bubbled,
the threshold power versus printing velocity curve moves downwards in the plot shown in Fig.
5:2 and the threshold average power decreases by half (10 mW, corresponding to a peak pow-
er of 45 GW/cm?) compared to the case in which no nitrogen is used (20 mW, corresponding
to a peak power of 90 GW/cm?) as shown in Fig. 5:2 (d) for all writing speeds. Since our meth-
od for focusing femtosecond pulses through multimode fibers relies on a diffractive element (a
spatial light modulator) and suffers from fiber coupling losses, a lower threshold power for
photopolymerization is desired. Therefore, for all subsequent fiber experiments, nitrogen was
bubbled into the photoresist prior to polymerization.
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Figure 5:2 Two-photon polymerization with a 40x microscope objective (NA 0.65). (a)
Calculated PSFs (one and two-photon ). (b) DLW arrangement. (c) Linewidth depend-
ence on writing speed. (d) Threshold power dependence on writing speed with and
without the presence of oxygen.
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Two-photon polymerization through the multimode fibre

In the calibration step the “calibration beam” (see Fig. 5:3 (a)) is focused by a 60x (OBJ2) objec-
tive 40 um in front of one end of the MMF. We calibrate with the photoresist between the fi-
ber tip and the objective to take into account the aberrations produced by the photoresist.
Then, light is coupled into the fiber generating a time varying speckle pattern on the proximal
side, which is imaged by a 20x objective (OBJ1) and a 150 mm lens (L1) on a CCD. On the CCD
an off-axis hologram of the field is recorded with the pulsed reference beam, which can be de-
layed by a motorized stage to the delay position that results in the largest visibility of the
fringes [41]. Then a digital hologram is recorded. This hologram contains the phase and ampli-
tude information of the time sampled field emerging from the fiber at the time set by the gat-
ing reference.
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Figure 5:3 Experimental setup. (a) Calibration. (b) Reconstruction for 3D printing.

In the reconstruction step (Fig. 5:3 (b)), the flip mirror is disabled allowing the reference to re-
construct on a spatial light modulator (SLM, Holoeye Pluto, 1920x1080) the calculated phase
conjugated replica of the field recorded in the digital hologram. From the SLM, light retraces
back through the optical setup and the multimode fiber interfering constructively on the distal
side forming a bright intensity focus at the location of the calibration spot. We repeat the cal-
ibration and reconstruction process several times with OBJ2 at different locations in order to
store the holograms that allow the reconstruction of spots in the plane 40 um away from the
tip of the fiber.

In a multimode optical fiber the polarization state of a circularly polarized beam is preserved
upon propagation, which is not held in the case of linearly polarized fiber excitation [32]. In
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practice, this is implemented by the quarter wave plates (A/4) show in Fig. 5:3. The first one
transforms the linearly polarized beam into a circularly polarized beam and at the other fiber
end it transforms the circularly polarized beam coming from the fiber into a linearly polarized
beam with same polarization orientation as that of the linearly polarized reference beam used
to record the hologram. With this implementation in place, we measured an enhancement of
25% in the spot intensity to background ratio.

The capability to form a sharp bright intensity focus, when focusing light through non-imaging
optical elements such as scattering media or multimode optical fibers, depends on the number
of degrees of freedom that can be controlled [25]. In the case of the multimode fiber, it de-
pends on the number of modes that can coherently interfere simultaneously through the fiber,
which in this case depends on the fiber’s diameter, fiber NA and fiber length. Graded index fi-
bers exhibit a smaller temporal multimode broadening when compared to step index fibers
[50]. Therefore, they provide a larger number of modes that can be simultaneously controlled
to interfere and generate a brighter light focus on the other end of the fiber than using step
index fibers. Regarding the fiber length, as the length of the fiber increases, a larger temporal
separation occurs between the fiber modes due to modal dispersion, decreasing the number
of modes that can be simultaneously controlled with the SLM, generating a spatial focus on
the other end with a lower signal to background ratio. The fiber chosen for our experiments is
a commercially available graded index fiber from Fiberware GmbH with a 400 um core diame-
ter, 560 um cladding diameter, a length of 5 cm and a NA equal to 0.29. We selected this fiber
length to produce a light focus whose intensity is close to the threshold for photopolymeriza-
tion. Using a longer fiber, the light focus generated on the other fiber end would have an in-
tensity below the photopolymerization threshold and thus would not polymerize. The lensed
side of the fiber is shown in Fig. 5:9.

In order to enhance the resolution of the 3D printing system we attached a graded index lens
of 350 um diameter to one end of the multimode fiber as shown in the fiber of Fig. 5:3 (a). This
increases the numerical aperture of the lensed side of the fiber at the optical axis from 0.29 to
0.54, and reduces the field of view (FOV) of the fiber from 400 um to 210 um. An alternative is
to build a lens directly on the tip of the fiber asin [51, 52].

As explained above, a beam focused on one side of a multimode optical fiber produces a
speckle like pattern on the other side as shown in Fig. 5:4 (a). Therefore, to focus and scan op-
tical pulses through the multimode fiber, we use time-gated digital phase conjugation [41, 42],
which consists of two steps: a calibration step that obtains the phase that can be modulated to
generate focused spots on the other side of the fiber followed by a reconstruction step that
reproduces the phases and generates the spots through the fiber. The fiber is graded index
and has a length of 50 mm and a core diameter of 400 um.
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Figure 5:4 Pulsed light transmission through the multimode fiber. (a) Speckle-like pat-
tern produced on one end of the fiber when light is focused with a microscope objec-
tive on the other end. (b) Intensity autocorrelation of the speckle like pulse shown in
(a). Pulse length is 210 fs. (c) Intensity pattern when light is focused through the fiber
using spatial light modulation. (d) Second order interferometric autocorrelation of the
spot shown in (c). Pulse length is 115 fs. () One-photon 2D PSF of the pulse delivered
through the fiber (simulation). (f) Two-photon 2D PSF of the pulse delivered through
the fiber (simulation).

The focused pulses generated through the MMF, shown in Fig. 5:4 (c), are 800 times more in-
tense than the average background, with a two-photon spot contrast of 640’000, reducing any
possibility that the background intensity will produce any polymerization.

The average pulse length of the pulses focused through the fiber is 115 fs. A sample of those
traces is shown in Fig. 5:4 (d). This value is shorter than the 210 fs pulse length that results
when no wavefront control is used. This broader pulse is shown in Fig. 5:4 (b).

The maximum average power that our system can deliver through the fiber is 12 mW within
the central part of the Airy disk, with a peak power of 55 GW /cm? corresponding to 6
mJ /cm? and a pulse energy of 160 pJ.

The pulse lengths of the focused pulses generated through the fiber are measured using sec-
ond order interferometric autocorrelation. This operation requires the introduction of two
replicas of the pulses on the reference arm, which is performed using an interferometer show
in Fig. 5:4 (a). The nonlinearity detection required for this measurement is introduced by fo-
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cusing the two replicas of the focused pulses in a two-photon fluorescent sample of PDMS
mixed with Rhodamine 6G, which gives the same result as if a second harmonic generation
crystal is used [55, 56]. The fluorescent signal propagates through the fiber and is detected by
a PMT for each one of the different discrete temporal overlaps between the two replicas of
the pulses, resulting in an autocorrelation trace like the one shown in Fig. 5:4 (d). To calculate
the value of the pulse length, the sech? pulse shape of the optical pulses is taken into account.
For the pulse width measurement in which there is not wavefront control shown in Fig. 5:4 (b)
the pulse length is measured using an intensity autocorrelator (Carpe, APE).

Two-photon polymerization at the tip of an ultra-thin needle

After the system is calibrated to focus light through the multimode fiber, the system is able to
polymerize over the field of view (FOV) at a 40 um working distance from the fiber tip. This
working distance is selected to prevent the polymerized structure from being attached to the
tip of the fiber. The spot is scanned in this plane digitally by changing the phases on the SLM.
The vertical scan is performed by a motorized stage that lowers the sample after polymerizing
each plane. We use the dip-in arrangement show in Fig 5:1 (b) in which the fiber is dipped into
the photoresist. The photoresist is contained in a recipient, attached to the glass substrate at
the bottom. The photoresist is previously bubbled with nitrogen to remove the oxygen that
prevents polymerization.

To characterize the polymerization capabilities of our device, we polymerize a grid of voxels
separated by 6 um over a 108 um diameter FOV. The sample is scanned vertically with a 2 um
step, “printing” one layer of voxels on top of the previous one. The printed rods are shown
from above in Fig. 5:5 (a, b), taken with a differential interference contrast microscope (DIC
microscope). We print the voxels starting 4 um inside the glass to ensure the adhesion of the
printed structures to the glass substrate even if the sample is slightly tilted.

We measure the full width at half maximum (FWHM) size of the printed rods. We call this val-
ue the voxel size or voxel diameter. When focusing light through multimode fibers the numeri-
cal aperture depends on the focal position [30]. Additionally, the presence of the graded index
lens introduces third order aberrations which become more significant away from the optical
axis [42]. This produces a radial dependence of generated spot intensity as a function of posi-
tion, which in turn leads to a radial dependence of the voxel diameter as shown in Fig. 5:5 (a).
Since the exposure dose also affects the voxel size, we perform a radial compensation of expo-
sure in order to equalize the voxel size over the whole field of print (FOP) as shown in Fig. 5:5
(b, c). The small slope of the continuous curve in Fig. 5:5 is produced by the inherent limitation
of our phase-only SLM being unable to imprint phase masks faster than a 20 Hz refresh rate,
resulting in a non-optimal voxel size compensation for small radii.
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Figure 5:5 Characterization of the 3D printing system. (a) Grid of voxels printed through
the multimode fiber. (b) Grid of voxels printed through the multimode fiber in the case
of exposure time correction. A radial correction of exposure is applied to polymerize
voxels of uniform size. (c) Voxel diameter versus radial position for (a) and (b).

To measure the voxel diameter dependence on exposure, we build the same structure at dif-
ferent exposure times as shown in Fig. 5:6 (a). The voxel diameter versus exposure time curve
shown in Fig. 5:6 (c) follows a logarithmic form which corresponds to the exponential decay of
the concentration of monomers upon light exposure [53]. At longer exposures, monomers are
consumed around the voxel area preventing its growth. The minimum exposure time that we
can apply is limited by the refresh rate of the SLM, which is quite low (20 Hz).
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Figure 5:6 Voxel dependence on exposure time. (a-b) Example of voxels printed with
1.5,1.1,0.7, 0.3, 0.15, 0.1, 0.05, 0.03, 0.025, 0.0125 seconds of exposure. Scale bars are 7.5
pm. (c) Voxel diameter dependence on exposure time. The logarithmic behavior arises
due to an exponential decay of monomer concentration when the photoresists is ex-
posed to light.

To find the smallest spot size without having the slow SLM refresh rate restriction, we de-
signed the following experiment: A circle of 12 voxels at the same radial position of 15 um
separated by an angle of 30° is printed through the fiber. As explained above, without any ex-
posure time correction, the voxel size depends on the radial position. Therefore, in order to
keep the same intensity for all the voxels, we build the voxels in a circular arc at a fixed radius.
The exposure time per diffraction-limited spot is controlled by setting the motorized stage to
different speeds. This way, we can identify the threshold exposure time required for polymeri-
zation. The results are shown in Fig. 5:6 (c). The smallest voxel size that we were able to poly-
merize is 400 nm FWHM, which corresponds to a printing optical resolution of 640 nm. The
voxel size can be smaller than the optical resolution due to the threshold behavior of photo-
polymerization. This is illustrated in Fig. 5:2 (a). If the delivered intensity is slightly above the
threshold level, structures with a feature size smaller than the optical resolution can be pol-
ymerized. That feature size is called linewidth (see Fig. 5:2 (a) and we refer to its FWHM size as
voxel diameter. Intensities below the threshold level are not enough to complete the polymer-
ization and that region of the photoresist is removed in the development process

We clarify that all these measurements where performed before developing the sample,
which means that we are not “taking advantage” of the shrinkage effect produced when de-
veloping the sample, that can lead to an even better voxel resolution. The shrinkage effect
however, is complex to control precisely [54]. Regarding the voxel axial resolution, since the
samples were built layer by layer on top of the previous one over exposing the layer below, it
cannot be obtained by the polymerized images. To make an indirect estimation, first the two-
photon axial resolution has to be calculated. It is given by half of the depth of field: d, =
2.22/1/NA2/\/§. At the optical axis, it corresponds to a two-photon axial resolution o 4.3 mi-
crometers. However, independent from the nature of the absorption process (two-photon or
single-photon), the cross-link of the photoresist is a nonlinear process. Assuming a second or-
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der nonlinearity in the photoresist and without taking into account the shrinkage effect, the
estimated value of the axial resolution is 3 um.

The multimode fiber as a 3D printer

Once we are able to polymerize with a uniform voxel resolution over the field of print, we can
create arbitrary 3D structures. For instance, we 3D printed a helix of 180 micrometers height.
The base of the helix is shown in Fig. 5:7 (a) taken with a DIC microscope as seen from above.
A squared scaffold was also manufactures. Figure 5:7 (b,c) shows the scaffold at a height of 0
and 40 micrometers from the base.

Additionally, we created a monolithic model of the Pyramid of Chichén Itza of 100 um x 100
pum base size shown in Fig. 5:8. Figure 5:8 (a) shows a DIC image of the undeveloped model.
The polymerized photoresists is two-photon fluorescent. Figure 5:8 (b) shows the two-photon
image of the developed pyramid at a height of 16 micrometers from its base, take with a two-
photon microscope. The printed pyramid is hollow as seen in the two-photon image. Since the
sample is fluorescent, in principle, the printed structure could be visualized, after develop-
ment, through the same multimode fiber that printed it. For more details on how the fiber can
be used as an imaging device, see chapter 4.

Figures 5:8 (c, d) show the scanning electron microscope (SEM) images of the developed mod-
el. The lateral printing step used is 1 um and the axial 2 um, resulting in a lattice type surface.
For a better surface quality, a smaller scanning step could be used. The time required to print
this structure was 25 minutes approximately. The printing speed is limited by the refresh rate
of the used phase-only SLM (20 Hz).

15 pm

Figure 5:7 3D printed structures. (a) Helix. (b) Base of a scaffold structure. (c) Scaffold
structure at a height of 40 micrometers.

To obtain the SEM images, the sample is developed to remove the unexposed photoresist. This
is achieved by submerging the sample in Propylene glycol methyl ether acetate (PGMEA) dur-
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ing 10 minutes, which is a common developer used in photolithography. Then, the sample is
washed with isopropanol. Finally, the sample is coated with a 4 nm gold layer in preparation
for the SEM.

Figure 5:8 Model of the Pyramid of Chichén Itz& 3D printed through a multimode opti-
cal fiber. The base diameter is as small as the thickness of a human hair. (a) Image of
the pyramid acquired with a differential interference microscope. (b) Two-photon im-
age of the pyramid acquired a 16 um height from the base. (c,d) Images of the pyramid
acquired with a scanning electron microscope.

Discussion on pulsed light focusing through MMFs

There are several methods in addition to time gated phase conjugation to accomplish focusing
through turbid media or multimode fibers which can be employed, such as, the measurement
of the transmission matrix or iterative methods. In this particular case of multiphoton
polymerization through multimode fibers, the power output available in our femtosecond la-
ser gave a peak power at the sample very close to the threshold required for two-photon
polymerization. In fact, the threshold average power of 10 mW experimentally measured in
our system is close to the 12 mW of maximum average power in the multimode fiber printing
system, which corresponds to a peak power of 55 GW/cm?. This means that for the projection
of more complex light patterns or simultaneous spots through the fiber, generated using the
transmission matrix method, a larger power would be required to actually polymerize. There-
fore, we used the method of time-gated digital phase conjugation, which is simple but suffi-
cient to generate sequential light foci through the fiber.
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Figure 5:9 Picture of the lensed side of the multimode fiber 3D printing probe. The
black case around the fiber and the grin lens holds the fiber and the lens and procures
a mechanical stability when the lensed side is manually cleaned after each print. The fi-
ber core and cladding are 400 and 560 micrometers diameter respectively. The fiber
length is 5 cm.

The whole potential of the transmission matrix method in 3D printing can be fully exploited in
cases where a larger power budget is available, such as in single-photon polymerization or in
two-photon polymerization using an amplified laser system. In such cases, two-dimensional
light patterns projected on the photoresist could directly polymerize 2D layers, one on top of
the previous. The printing speed would then be faster and limited by the refresh rate of the
SLM, which is 20 Hz in our case.

Conclusions

In this chapter we demonstrate for the first time additive manufacturing through an ultra-thin
probe based on a multimode optical fiber. The fiber is 560 um diameter, 50 mm long with a
minimum voxel size of 400 nm and can microfabricate over a 100 um diameter field of print.
Our method does not have any intrinsic restriction to the height of the printed structure.

The presented 3D printing probe based on a multimode optical fiber does not contain any dis-
tal scanning element. Printing is achieved via two-photon polymerization. A focused ultrashort
pulse scanned digitally with a SLM from the proximal side can print any arbitrary structure on
the other end of the fiber.

The maximum power that we are able to deliver through the fiber is close to the threshold
power for polymerization. Therefore, we could only print one voxel at a time. In principle, with
a more powerful laser source, we could reconstruct on the SLM simultaneous plane waves ei-
ther by addition of waves at the SLM point or by projection of 2D light patterns, enabling a
faster printing speed, reducing the printing time by a factor of N, where N is the number of
simultaneous spots generated through the fiber.

This pioneering work enables a new area that we call endofabrication, which consists on the
fabrication of micro-structures inside places that are difficult to access by conventional 3D
printing devices and that are accessible only through very small apertures.
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Chapter 6 Conclusions and future

work

Achieved results

This thesis deals with the control of light propagation through multimode optical fibers with
applications in two-photon imaging and 3D printing.

Before our work, endoscopic two-photon imaging was restricted to thick and short graded in-
dex lenses or fiber bundles with limited resolution. With our work, we have enabled high reso-
lution two-photon imaging through ultra-thin multimode fibers of 200 um core diameter and
up to 20 cm length.

Regarding 3D printing, two-photon polymerization was technologically restricted to very large
printing objectives of several centimeters in diameter unable to reach small places. With our
work we have disrupted such limitation enabling 3D printing through ultra-think needles of
560 um in diameter, allowing microfabrication through small apertures and cavities.

The following section presents a general summary of what is presented in each chapter.

Chapter 2 presents two methods for monochromatic light focusing through multimode fibers
based on spatial light modulation: Digital phase conjugation and the measurement of the opti-
cal transmission matrix. Advantages and disadvantages of each method are discussed as well
as the applications and challenges of light-modulation based scanning through multimode fi-
bers.

In chapter 3, the method of digital phase conjugation introduced in chapter 2 is extended to
the broadband case. We call it time-gated digital phase conjugation and allows focusing and
scanning of light pulses with hundreds of femtosecond in pulse length through multimode op-
tical fibers. Scanning does not require any mechanical element on the distal side of the fiber.
This method reduces temporal broadening due to modal dispersion and allows the delivery of
focused pules with high peak powers. The presented work enables two-photon absorption at
the tip of an ultra-thin needle.

In chapter 4 we demonstrate how, with the use of an adequate puled light source with 100 fs
pulse length centered at a 800 nm wavelength, the method presented in chapter 3 can be
used to conceive a high-resolution two-photon imaging system at the tip of a multimode opti-
cal fiber. The proof of principle is simple but powerful: A focused light pulse is scanned over a
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fluorescent sample in a 3D scanning volume. For each position of the scanning point, the two-
photon fluorescent signal is measured through the fiber and an image is reconstructed. A
working prototype and images of biological tissue acquired with the endoscopic system are
presented. Our work is the first demonstration of multiphoton imaging through multimode op-
tical fibers.

In chapter 5 we extend the use of our light focusing techniques in a completely different appli-
cation: two-photon polymerization. We demonstrate for the first time 3D printing through a
multimode optical fiber. We call it endofabrication. A working prototype of the 3D printer and
printed micro-structures with 500 nm resolution are presented.

Future work

The work presented in this thesis represents a significant progress in two-photon imaging and
two-photon polymerization by facilitating their use in places of difficult access reachable
through ultra-thin needles. As the result of novel ideas and state of the art research, this work
is subject to improvements and can be followed up as mentioned in this section.

The slow refresh rate of the phase spatial light modulators represents a constrain to the ap-
plicability of the presented methods for in vivo applications. A future implementation of the
presented methods in a commercial device could be reached using a faster spatial light modu-
lator, such as the piston based SLM mentioned in chapter 2. This would allow the demonstra-
tion of these methods in real and time in-vivo.

All existing spatial light modulators can only shape either the spatial profile of a light beam, as
described in this thesis, or the temporal profile of a light beam as in optical pulse shapers [1,
2]. Their slow refresh rate does not allow their use for simultaneous spatial and temporal
modulation of a light beam with hundreds of femtoseconds in pulse length. For phase modula-
tion in the spatial domain, this limitation restricts phase modulation to monochromatic light as
in digital phase conjugation. Truthful time reversal cannot be accomplished due to such limita-
tion. This is why we developed the method of time-gated digital phase conjugation which only
acts on fiber modes of similar propagation constants in the fiber. The simultaneous coherent
control of all fiber modes no matter their propagation speed would require an implementation
of a spatio-temporal spatial light modulator. In principle, this could be achieved by construct-
ing a device in which a grating followed by a microlens array forms a pulse shaper after each
lens, allowing a discrete spatio-temporal control of a light field. Specific implementation, per-
formance and limitations of such approach are yet to be investigated.

In the imaging and photo-polymerization experiments, commercial graded index and half ball
lenses were employed to increase the numerical aperture of the fiber, giving a better resolu-
tion for imaging and 3D printing. In a future implementation of the device, a custom built air-
spaced objective could be 3D printed directly on the tip of the fiber, as demonstrated in [3]. A
custom design could achieve high resolution over a larger field of print. Alternatively, a scat-
tering layer can be placed on the distal end of the fiber as in [4]. Although such scattering layer
would affect the collection efficiency of the two-photon fluorescent endoscope, it would be
suitable for additive manufacturing.
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As shown in [5, 6] light focusing through scattering media has been demonstrated for imaging
purposes. A future work could exploit the use of the time-gated transmission matrix of a scat-
tering media to 3D print through it.
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