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ABSTRACT

Imaging at the nanoscale anebr at remote locations holds great promise for stud-
ies in elds as disparate as the life sciences and materials sciences. One such mi-
croscopy technique, stimulated emission depletion (STED) microscopy, is one of sev-
eral uorescence based imaging techniques that o ers resolution beyond the di raction-
limit. All current implementations of STED microscopy, however, involve the use of
free-space beam shaping devices to achieve the Gaussian- and donut-shaped Orbital
Angular Momentum (OAM) carrying beams at the desired colors { a challenging
prospect from the standpoint of device assembly and mechanical stability during
operation. A ber-based solution could address these engineering challenges, and
perhaps more interestingly, it may facilitate endoscopic implementation ah vivo
STED imaging, a prospect that has thus far not been realized because optical bers
were previously considered to be incapable of transmitting the OAM beams that are
necessary for STED.

In this thesis, we investigate ber-based STED systems to enable endoscopic

nanoscale imaging. We discuss the design and characteristics of a novel class of

viii



bers supporting and stably propagating Gaussian and OAM modes. Optimization
of the design parameters leads to stable excitation and depletion beams propagating
in the same ber in the visible spectral range, for the rst time, with high e ciency

(> 99%) and mode purity & 98%).

Using the fabricated vortex ber, we demonstrate an all- ber STED system with
modes that are tolerant to perturbations, and we obtain naturally self-aligned PSFs
for the excitation and depletion beams. Initial experiments of STED imaging using
our device yields a 4-fold improvement in lateral resolution compared to confocal
imaging. In an experiment in parallel, we show the means of usimgplates as free-
space mode converters that yield alignment tolerant STED microscopy systems at
wavelengths covering the entire visible spectrum, and hence dyes of interest in such
imaging schematics.

Our study indicates that the vortex ber is capable of providing an all- ber plat-
form for STED systems, and for other imaging systems where the exploitation of

spatio-spectral beam shaping is required.
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Chapter 1

Introduction

We, human beings, have a natural curiosity about our surroundings. We perceive
things with various receptive mechanisms. Among them, the most important is the
sense of sight. We have been using our eyes to gather information about the objects
around us since before recorded history; however, human eyes are often proven to be
inadequate when it comes to examining minuscule objects, or ne structural details,
or wherever we want to visually perceive things in full realness and details. As
activities of experiments and observations in science rapidly emerged, the need for
supplementing the naked eyes became apparent. The invention of the light microscope
sometime in the 18 and 17" century is an important milestone in the history of
science and has immensely propelled the progress of scienti ¢ research.

The early history of the microscope is cloaked with much confusion (Bradbury,
1968). No archaeology reference can tell the full story of the early history of image
magni cation. Some believed that ancient Chinese in the Shang-Zhou dynasty (c.
1600 to 1046 BC) viewed magni ed object through a water drop at the end of a tube
according to an excavated ancient Chinese text. More well known reference to the
understanding of vision, optics and light began with the celebrated Book of Optics
(Kitab al-Manazir) by the 11" centry Arab scientist Ibn al-Haytham who was born in
965 in present day Irap. At around 18 century, although there are some doubts on
the argument because there seem also references to spectacles in Hindu literature at

about the same time (Agarwal, 1971), Salvino D'Armate from Italy is usually credited



for inventing the rst spectacles.

The term \microscope™ was coined from two Greek words \small" and \to view" in
1624, Italy, by the rst Accademia dei Lincet. But the inventor of the microscope has
been surrounded by controversy, even in the early days of its invention (Croft, 2006).
Although Dutch tradesman Antonie van Leeuwenhoek did not himself create the rst
microscope, he is certainly among the all-time great contributors to microscopy, and
is commonly known as the father of microbiology for constructing extremely high
quality (simple or single-lens) microscopes at the time. He was also the rst to
apply microscopes in biological studies and made important discoveries in biology
in its earliest days. His discoveries of erythrocytes, protozoa, bacteria etc., helped
to lay the foundation for modern biology. It is believed that all of Leeuwenhoek's
microscopes (over 500) consisted of only one powerful, high-quality magnifying lens,
rather than compound microscopes with two or more lenses. English scientist Robert
Hooke made signi cant improvements to the simple microscope by introducing a third
lens into a compound microscope to further increase the magni cation. Such three-
lenses con guration became the predecessor of modern microscopes. The term \cell"
rstly appeared in his famous bookMicrographiain 1665, one of the earliest microcopy
publications where he described his observations from cork slices and insects to bird
feathers and fossils (Bradbury, 1968).

Developments in optical microscopy were considerably accelerated in thé"1&en-
tury when physicists began to appreciate the wave-particle duality of light. Prominent
achievements in light microscopy during this period directly stemmed from the work
of German optical scientist Ernst Abbe (Bradbury, 1968). His theory on microscope
imaging revealed that structural details of any object smaller than half of the wave-

length of the illuminating light would be obscured due to light di raction. In 1873,

1Founded in 1603, the Accademia dei Lincei is one of the oldest academies worldwide. One of
its famous fellows is Galileo Galilei who joined the academy in 1611.



Abbe derived and formulated the resolution limitation of an optical microscope as:

where r is the minimum distance that can be resolved, is the wavelength, and
NA=nsin s referred to as the numerical aperture (NA) of the lens, and is the
refractive index of the surrounding medium of the lens (Born & Wolf, 2003). This
limitation has been believed to be unsurpassable with conventional lenses and light
microscopes for more than 100 years.

Although limited in resolution, the optical microscope is still one of the most im-
portant instruments in science. Several strategies have been proposed to push the
limit of Abbe's barrier. Amongst these proposals, the most straightforward way is
to reduce the wavelength or increase the NA. Common wavelengths deployed in far-
eld light microscopy range from 400 to 700 nm,, not only because visible light has
been proven non-toxic to biological samples, but also because most of uorescent dyes
developed to date emit photons in this wavelength range. Ultraviolet (UV) light is
known to cause photostress and stronger photobleaching of uorescence probes. The
strong absorption of UV light in a cellular environment may also cause photodam-
age and strong auto- uorescence, thereby degrading the signal to noise ratio (SNR).
Therefore, using UV light is often considered impractical for biological imaging.

In many other applications, shortening the wavelength has produced tremendous
achievements. For instance, by using electron beams whose DeBroglie wavelength
is much smaller than visible light (e.g. for an electron with kinetic energy of 1 eV,
the corresponding DeBroglie wavelength is 1.23 nm), the so-called scanning electron
microscope (SEM) has achieved an ultra-high resolution of less than 1 nm. On the
other hand, the NA is typically limited to 1.2-1.5 for liquid immersion objective lens.

Although solid immersion lenses can have larger NA, but, for apparent reasons, they



are limited to certain types of applications (Mans eld & Kino, 1990; Ippolito et al.,
2001).

One logical strategy to bypass the di raction barrier is to collect the information
for image formation in the near- eld. It is known from Fourier optics (Goodman,
2005) that the resolution limit in optical microscopy arises from the loss of high
spatial frequencies as the light wave propagates from the sample through a microscope
into the far- eld. However, if one could scan a source or detector probe in close
proximity to the sample to be imaged, the evanescent eld can be captured to form
the image at a resolution that depends only on the size of the probe. The simplest
and earliest probe to be proposed was a sub-wavelength aperture (Synge, 1928). By
con ning the light through it, the actual illuminated area of the sample is not de ned
by the di raction limit, but the size of the aperture. This type of superresolution
microscopy was rst demonstrated by Ash and Nichools in 1972, in the microwave
regime ( = 3 cm). An e ective resolution of =60 was achieved (Ash & Nicholls,
1972). The technique was later on extended into the visible spectral region (Lewis
etal., 1984, Betzig et al., 1991). Since then, the near- eld scanning optical microscopy
(NSOM) has been applied in a variety of areas, including biological optical imaging
(Betzig et al., 1993; Hwang et al., 1995), spectroscopy (Hess et al., 1994), high density
data storage (Betzig et al., 1992) etc. However, NSOM has several limitations in both
engineering and fundamental respects such as poor fabrication yield of probes, low
signal collection e ciency, and heating of probe tips, and fundamentally, NSOM is
limited to imaging only sample surfaces, thus excluding its use in exploring the 3D
nanoscale structure of objects. Breaking Abbe's di raction limit in the far- eld was
needed.

There are several approaches to conceptualize and demonstrate the improvement

of resolution of far- eld microscopy. For instance, the confocal con guration patented



by Marvin Minsky in 1957, rejects the out-of-focus signal by introducing a pinhole
in the detection path, providing 3D non-invasive sectioning functionality (Minsky,
1961). It can theoretically enhance the lateral resolution by factor oFf) 2 (Pawley,
2006). E orts were also made in using structured illumination. For example, 4Pi
microscopy uses interference e ect created by two opposing objectives to signi cantly
improve the resolution (by three to six times) in the axial direction (Hell & Stelzer,
1992; Hell et al., 1994). Structured illumination microscopy (SIM) developed by
Gustafsson employs periodic grid patterns of di erent orientations to extract high
spatial frequency information to construct superresolution images. It allows up to
two-fold improvement in the lateral resolution (Gustafsson, 2000). With the saturated
structured-illumination microscopy (SSIM) or nonlinear version of SIM developed
later on, though, the later resolution of< 50 nm can be achieved (Gustafsson, 2005;
Li et al., 2015).

In 1994, Hell and Wichmann proposed a mechanism in theory called stimulated
emission depletion (STED) microscopy, to break the diraction barrier in the far-
eld (Hell & Wichmann, 1994), though the rst experimental work did not appear
until 2000 (Klar et al., 2000). Since then, other far- eld microscopy approaches with
nanoscale resolution or nanoscopy have started to emerge [reviews of lens-based su-
perresolution microscopy can be found, for example, in (Eggeling et al., 2015)], such
as ground state depletion (GSD) (Hell & Kroug, 1995), generalized reversible sat-
urable/switchalbe optical linear uorescence transition (RESOLFT) (Hofmann et al.,
2005), photoactivated localization microscopy (PALM) (Betzig et al., 2006), stochas-
tic optical reconstruction microscopy (STORM) (Rust et al., 2006), uorescence pho-
toreactivation localization microscopy (FPALM) (Hess et al., 2006) and many more.

To date, far- eld uorescence nanoscopy has been successfully applied in various

areas, from biomedical applications to material science. While commercial hanoscopy



systems are available on the market, further improvement is still ongoing. In partic-
ular, STED is often considered sophisticated in both mechanical and optical aspects,
and requires experienced personnel to operate. One of the reasons, explained in detail
in the following section, is that STED requires two laser beams|the excitation and
depletion beams|to be spatially and spectrally separated.

The performance of a STED nanoscope is determined by: (1) the quality of the
donut-shaped depletion beam (intensity pro le) at the sample plane; and (2) the
co-alignment of this beam with a Gaussian-shaped excitation beam. Phase plates
(Willig et al., 2006; Rittweger et al., 2009; Reuss et al., 2010) and other devices such
as spatial light modulator (SLM) (Gould et al., 2012) are available to create such
complex beams. Extreme care must be exercised in co-aligning two beams, which
is technically challenging and makes the technique very susceptible to vibration and
environmental drifts. A ber-based solution, where all complex beams|naturally
self-aligned|are emitted from a single ber aperture, which also serves to collect
the uorescence, would signi cantly enhance current implementations of STED. Such
a solution would lead to the miniaturization of standard benchtop STED nanoscopy
system. Essentially, the ber-based solution means a exible but powerful microscope,
delivering the illumination to, and collecting the signal from remote places that are
often considered to be inaccessible by its free-space counterparts. More importantly,
it would also enable the prospect of endoscopic implementation of STED imaging,
in vivo, allowing access to sub-cellular structures at larger penetration depths. For
instance, such a demonstration would allow superresolution imaging inside of a live

mouse's brain, which is inaccessible by current microscopy techniques.



1.1 Principle of STED Microscopy

STED microscopy was rst proposed by Hell and Wichmann (Hell & Wichmann,
1994). In STED, as the term indicates, the uorescence is depleted through the

stimulated emission process.

(@) . ,
S1vio & 1(b) ,
' M,, Internal conversion 1 :

1
s 1 : :
5 ch 1

= [}

AN S 2 [ v
UXJ § 7\ —~~~-T-T-T-T-TT-TsTms==" |
(T |(C) |
So,vib > : :
S Internal  V 1 1
conversion 1 1
SO 3 e e e e e e e o I

Figure 1 1: (a) Schematic of energy diagram of a uorescent dye
molecule. Point spread function schematic for: (b) conventional uo-
rescence; and (c) STED, microscopy.

Figure 11 (a) shows the basic concept of such a process. A uorescence dye
molecule at the ground stateS; is excited by a Gaussian-shaped excitation beam to
the rst excited state S;(showed as the blue arrow), and then rapidly decays (s) to
the ground level of the rst excite stateS;, through non-radiation processes. When
the molecule later on spontaneously decays (within 24 ns, the typical lifetime of
several uorescence dyes used in microscopy) to the ground st&g(showed as the
green arrow), it emits uorescence photons that can be registered to form the im-
age contrast. However, in the presence of a red-shifted laser beam called depletion
beam whose energy matches the gap betweBnand Sy, state S; will be depopulated
through stimulate emissions, emitting photons of the same wavelength as the depletion

laser. The rates for the stimulated emission are determined B¢tep = step NsTED »



where step and hstgp denote the uorophore cross-section and photon ux. There-
fore, by increasing the intensity of the depletion laser beam (thus the photon ux), or
increasing the cross-section of uorescence molecules, the decay rate of the stimulated
emission can exceed that of spontaneous emission, so that most of molecules at state
S; would not generate uorescence but only stimulated emission photons. Moreover,
since fast internal non-radiation transitions exist betweets, and Sy.ip, the depletion
beam would not re-excite the molecule to the upper excited state due to the inherent
energy mismatch.

The concept of STED microscopy is to utilize this phenomenon to switch molec-
ular between \ON" (generating uorescence) and \OFF" (no uorescence) states,
hence con ning and localizing the ON ensemble within an area/volumn beyond the
di raction limit. To this end, a spatially complex depletion beam with a central in-
tensity null is needed (and the intensity null has to be preserved under a high NA
focusing). This donut-shaped beam is usually called a STED beam. In conventional
uorescence microscopy, the excitation beam forms a di raction-limited spot [the blue
spot in Fig. 11 (b)] illuminating onto the sample, and the resolution is de ned by the
size of the point spread function (PSF) [see the green spot in Figlib)]ja PSF is
the image of an ideal point object. When the STED beam is spatially overlapped with
the excitation beam [see Fig. 1(c)], uorescence dye molecules residing in the donut
region where the intensity is high enough, will be quenched through the stimulate
emission rather than the spontaneous emission process, i.e. they are switched to the
OFF state. Therefore, the only region where the uorescence will be registered is the
very center of the STED beam because there is no light, thus no stimulated emission
occurs. E ectively, the ensemble of ON state molecules is shrunk into a much smaller
region than that without the STED beam, a region that is beyond the diraction

limit [see the e ective green PSF in Fig. 11(c)]. The laser beams then scan over the



sample. Since the exact position of beams illuminating the sample can be precisely
determined, an image with a much higher resolution can be constructed. It is shown
that the resultant lateral full width half maximum (FWHM) spot size of the e ective

PSF r is given by (Westphal & Hell, 2005):

D 1.2
2NA" 1+ lstep =lea (1.2

wherel step is the intensity of the STED beam, the wavelength, NA the numerical
aperture of the objective lens, and sy the STED intensity at which half of the
uorescence molecules are switched to the OFF state. This implies that the resolution
scales inversely with the square root of the STED beam intensity. The larger the ratio

| step =lsat, the higher the resolution. Forl step =ls5:=100, the theoretical resolution

is improved by about 10 time over the diraction limited one. Due to competing
nature between the stimulated emission and the spontaneous uorescence decay, the
saturation intensity lsy can be well approximated ak; = , where, for regular dyes
used in STED,k;; t (2ns)!, and cross-section t 10%® 108 or about 16 to
10?’ photons/cm?, i.e. s 10066 MW/cm 2 (Hell, 2003; Pawley, 2006).

Therefore, increasing the intensity should theoretically drive the resolution down
to the size of a single emitter which is the uorescence molecule itself (Harke et al.,
2008), but practically, the achievable resolution depends on several aspects: the nite
depth of the central “zero' intensity of the depletion beam due to experimental imper-
fections, the uorescence dye's photo-physical and -chemical properties (for example,
increased photobleaching with increased intensity), STED laser power/energy, and
accuracy of scanning mechanism etc.

Current STED systems have provided 2080 nm lateral resolutions in di erent

contexts, such as live cell imaging (Eggeling et al., 2009; Donnert et al., 2006; Kasper
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et al., 2010), deep tissue imaging (Urban et al., 2011 vivo imaging of live mouse
brain (Berning et al., 2012), and video-rate cell imaging (Westphal et al., 2008)
and many more. Resolution down to 35 nm has also been demonstrated in recent
experiments of imaging nitrogen-vacancy centers in diamond (Smith et al., 2009;
Rittweger et al., 2009; Wildanger et al., 2012). While being able to image various
nanostructures, the STED concept has also been explored in nanolighography using

visible light (Hell, 2004; Andrew et al., 2009; Li et al., 2009).

1.2 Apparatus Improvements and Limitations

STED microscopy has revolutionized the eld of bio-imaging, enabling the study
of cellular, sub-cellular, molecular, and genetic processes of fundamental interest to
understanding dynamic processes in biological systems. A typical free-space STED
system consists of a high-power depletion laser and an excitation laser, a high NA
objective lens, beam or sample scanning module(s), and a sensitive detector (see Fig.
12).

STED Excitation
Beamshapingoptics

\\ ‘ l Sample

Pinhole | 1 5
I
= -

Detector /

Objective
Dichroicmirrors lens

Figure 1 2: Schematic of a typical free-space setup.

The depletion laser beam passes a beam shaping optics that is located close to
or in the conjugated plane of the back focal plane of the objective. It converts the

depletion laser beam into a donut-shaped beam that can be focused to a desired
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hollow PSF. The depletion laser power and wavelength and the quality of the hollow
PSF determine the performance of STED systems.

In this section, we describe several improvements in the past. Our discussion
is by no means comprehensive, and we focus only on a few key aspects that are
somewhat relevant to the aims of this thesis. STED is still considered a relatively

young technique, and has much room for further improvement.

1.2.1 Laser Sources

The rst STED superresolution imaging experiment was performed with a mode-
locked Ti:Sapphire (Ti:Sa) laser (repetition rate of 76 MHz) in the near-infrared
region as the depletion laser (step = 765 nm), and the pulse train was converted
to visible wavelengths (e = 560 nm) for the excitation by an optic parametric
oscillator (OPO) (Klar et al., 2000). At the time, Ti:Sa laser was the only laser
that could provide the required high intensity for e cient depletion. The pulsed
con guration requires complicated synchronization of two lasers in the picosecond
time domain. Therefore, early STED studies were con ned with red-emitting dyes.
For more common dyes such as green uorescence proteins, Alexa 488, ATTO 565,
and many more, the excitation and depletion pulses need to be in the visible spectral
range (450-650 nm). Therefore, a Ti:Sa laser in combination with an OPO was usually
used, which made the system rather complex and costly.

Later on, other solid-state, xed wavelength, pulsed lasers came to be used in
STED microscopy to reduce the complexity and cost. For example, pico-second laser
diode modules with high peak power were used to achieve20 nm lateral resolution
(Westphal et al., 2003; Gettfert et al., 2013). Even with o -the-shelf laser diodes
that can be found in DVD drivers, a lateral resolution of 40-50 nm can be attained
by imaging uorescence beads (Schrof et al., 2011). Aside from using laser diodes,

the development of high power supercontinuum lasers (or white lasers) allows not
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only simpli ed synchronization of the STED and the excitation lasers, but also o ers
access to a wider spectral range for various dyes (Auksorius et al., 2008; Wildanger
et al., 2008; Buackers et al., 2011).

A parallel direction in the development of STED laser sources is to use continuous
wave (CW) lasers to eliminate the synchronization requirement (Willig et al., 2007;
Harke et al., 2008). The emergence of diode-pumped solid-state (DPSS) CW lasers
accelerated the process of STED microscopy being more practically and more widely
deployed (Clausen et al., 2014). The CW STED simpli cation comes with one draw-
back compared with its pulsed counterpart. the CW modality requires approximately
3 to 5 times more power than the pulsed one does (in terms of the average power) to
achieve a similar resolution enhancement (Willig et al., 2007; Eggeling et al., 2015).
Fortunately, this drawback can be somewhat compensated by implementing time-
gated detection at lower powers to form sharper images (Vicidomini et al., 2011).
This is because the STED laser e ectively shortens the uorescence lifetime of the
molecules residing in the STED depletion beam region, thus by ignoring the early
photons, one is able to identify molecules that are located at the center of the beams

(Mo tt et al., 2011; Vicidomini et al., 2011).

1.2.2 Beam Shaping Optics

As described in Sec. 1.1, the STED resolution is critically a ected by the quality of
intensity null at the center of the donut-shaped STED beam since any residual light
or misalignment of the dark central region with respect to the excitation spot, directly
compromises the depletion e ect required for yielding nanoscale resolution. To obtain
a high-quality donut beam, it is well known that vortex modes with orbital angular
momentum (OAM), or equivalently, helical phase, are required. In addition, it is

critical to attain same handedness for both the helical phase and the circular polar-
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ization (Hao et al., 2010¥. Such beams are thus callespin-orbit aligned OAM beams
(Ramachandran et al., 2015). The mathematical background for this requirement is
covered in Sec. 2.3.3

Being a very attractive technique for realizing super-resolution, STED microscopy
su ers from several practical drawbacks: the STED beam needs to be a psg@n-orbit
aligned OAM beam, and the Gaussian excitation and the OAM STED beam need to
be spatially co-aligned with high precision. Hence, the performance of STED systems
is susceptible to thermal variations and vibrations, currently limiting their deploy-
ment in clinical environments. Attempts to address this challenge involve fabricating
phase plates to convert a Gaussian beam into one with OAM, but with appropriately
dispersive materials. The OAM conversion happens only at the STED wavelength
while at the spectrally separated excitation wavelength, no mode conversion occurs.
In this way, a single-aperture (or common beam-path) STED microscopy system can
be constructed.

One example is the fabrication of a dual-wedge spiral phase plate with di erent
glass materials (Wildanger et al., 2009a). Di erent glass combinations lead to di er-
ent pairs of STED and excitation wavelengths. For each wavelength pair, however, a
di erent device (material combination) is needed. Alternatively, exploiting the chro-
matic dispersion characteristics of birefringent elements arranged as segmented wave
plates, one can obtain similar functionality (Reuss et al., 2010), albeit over narrow
wavelength ranges (Gorlitz et al., 2014). Single-aperture STED systems based on the

aforementioned two approaches, however, may actually increase system complexity

20Otherwise such donut-shaped OAM beams would not preserve the center intensity null when
focused by a high NA objective lens which is almost always employed in STED imaging. Instead,
the longitudinal eld would appear at the center compromising the resolution improvement because
it depletes the uorescence as well. In this sense, as we will see in Sec. 2.3.3, azimuthally polarized
donut-shaped modes, e.g. Tk, are also suitable for achieving the desired depletion pattern (Xue
et al., 2012), however, non-uniform polarizations of such beams are believed to be not favorable to
e cient depletion of uorescent molecules whose dipole orientations may have a random distribution
(Reuss, 2010).
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on account of the need to change the main element|the phase plate or other mode
converter- every time wavelength pairs are changed. In contrast, we recently showed
that, g-plates are versatile and promising devices for building the next generation,
tunable, single-aperture STED system in free-space (Yan et al.,, 2015c; Yan et al.,
2015b). While addressing the alignment problem, the free-space single-aperture so-
lutions, still do not allow for a exible source head or otherwise enable endoscopic
implementation of STED. Thus, specially designed bers whose eigenmodes stably
deliver STED as well as Gaussian beams of di erent colors from a single ber aper-
ture has been explored (Yan et al.,, 2013; Ramachandran et al., 2009), aiming to
further simplify current STED systems and making them more compact, robust, cost
e ective.

Another promising beam shaping approach is to use SLMs. Examples include
using SLM to achieve the two-fold functionality: creation of the donut-shaped OAM
mode, and implementation of adaptive optics with various quality feedback metrics to
allow STED imaging in aberrated system such as thick or highly scattering biological
tissues (Gould et al., 2012). Utilizing two SLMs and proper designed polarization
optics can also achieve the 3-D STED imaging with resolutions of 8080 90 nm
(Wildanger et al., 2009b; Abberior Instruments, ).

Although most STED implementations use donut-shaped OAM beams as the de-
pletion beam, a few studies show that using higher order Bessel beam can: (1) increase
the imaging depth (over which the lateral resolution is reasonably mainteined)(Yu
et al., 2016), and (2) potentially increase the imaging speed by implementing line

scanning thus reducing the photobleaching and photodamage (Zhang et al., 2014).
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1.3 Applications of Optical Fiber Modes

In this section, without getting into details of mathematical foundations of optical
bers modes that are described in Chapter 2, applications of higher order modes

(HOMSs) in optical bers are presented.

(a) (b) (€) (d)

Figure 1 3: Measured near- eld images of (a) fundamental mode from
a single mode ber; (b) Bessel-likd.Py mode from a double-cladding
ber; (c) vortex mode from a vortex ber. (d) Spiral pattern created
by interfering a Gaussian beam with an OAM-carrying beam, revealing
the helical phase front of the latter.

In general optics, spatial modes are usually referred to as certain distributions of
eld or intensity. They are solutions to free-spacdHelmholtz equations, existing both
in free-space and waveguides. All step index bers support at least one guided mode
(two if we do not ignore the polarization degeneracy), known as the fundamental
mode; the other guided modes are designated as HOMs. Figur8 $hows the near-
eld intensity patterns for three typical HOMs.

The fundamental mode has a Gaussian-shped distribution [see Fig3 1a)] (Saleh
& Teich, 2007). HOMs, on the other hand, have non-trivial spatial eld/intensity
and polarization patterns, therefore possessing interesting properties that could be
bene cial in a number of applications. For instance, the Bessel beam, with function
form consisting of the Bessel functiody is one of the higher order solutions, and has a
central intensity maximum, and concentric rings surrounding it [see Fig. 2 (b)]. This

bright spot can be used as one would use a Gaussian beam. However, its depth of focus
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is many times longer than that of a Gaussian beam and it reconstitutes after passing
some opaque obstruction in the beam path. Therefore, it is also called non-di racting
beam (Durnin et al., 1987; Durnin, 1987). Coincidentally, higher order L§, modes in
optical bers are inherently Bessel-like (Ramachandran & Ghalmi, 2008; Steinvurzel
et al.,, 2011). Bessel beams have found applications in a variety of areas including
optical coherence tomography (Ding et al., 2002; Tan et al., 2009; Liu et al., 2011),
light sheet microscopy (Fahrbach et al., 2010; Planchon et al., 2011; Chen et al., 2014),
optical manipulation of particles or live cells (Garces-Chavez et al., 2002; Ckmnar
et al., 2008; Chen et al., 2012), lithography with trapped beads (Mcleod & Arnold,
2008), etc. Particularly, the Bessel-like mode in bers, due to its unique intensity
distribution and dispersion properties, has shown great promise, in addition to the
aforemention applications, in areas such as high power ber lasers (Ramachandran
et al., 2008), dispersion compensations in telecommunication (Ramachandran, 2007),
and intramodal and intermodal nonlinear interactions (Steinvurzel et al., 2014; Demas
et al., 2015).

Another type of HOM features an intensity null at the center [see Fig. B (c)].
Mathematically, the radial function of such modes is given by the Bessel functiah
( 6 0) instead of Jo (Snyder & Love, 1983). In optical bers, they are named as
vortex modes (Ramachandran & Kristensen, 2013). As we will discuss in Chapter
2, a subset of vortex modes that possess a helical phase front carry OAM, which
are usually referred to as OAM modes. In Fig. 3 (d) the said helical phase front
manifests itself as the spiral pattern through interference with a reference expanded
Gaussian beam. Vortex modes have recently drawn great interest in optical ber
communication (Bozinovic et al.,, 2013; Gregg et al.,, 2015a; Brunet et al., 2014),
structured illumination for microscopy (Yan et al., 2013; Gu et al., 2014; Yurt et al.,

2014), optical ber sensors (Demas et al., 2012), to name a few examples.
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In the next chapter, we describe the mathematical basis of these HOMs in optical
bers, with emphasis on the OAM mode, and introduce ber grating mode coupling

theory for e cient mode conversions.

1.4 Thesis Content and Organization

This thesis aims to study a simple and robust ber-based STED microscopy system
that may be widely used for nanoscale imaging in biomedical research. Discussion of
experimental design will focus on a novel class of bers, called vortex bers, that are
required for this implementation of superresolution imaging. The excitation schemes
and characterization methods of OAM modes are experimentally studied, and the PSF
for both Gaussian-shaped excitation and donut-shaped depletion beams are examined
with a home-built confocal microscopy setup. It is shown that a vortex ber is
favourable in achieving naturally co-aligned and perturbation|resistant excitation
and depletion beams, suggesting applications in STED imaging of biological samples
and perhaps endoscopic nanoscopy inside living specimens.

The thesis is organized as follows:

Chapter 2 outlines the theoretical background for optical bers and ber modes.
The mathematical foundations of vectorial modes and the corresponding wave equa-
tions are introduced. A special sets of ber modes carrying orbital angular mo-
mentum are discussed and two sub-categories|the spin-orbit aligned and spin-orbit
anti-aligned beamsjare introduced. Finally, the vectorial di raction theory of such
beams are presented to emphasize the requirement of spin and orbit alignment in
STED imaging applications.

In Chapter 3, the vortex ber is introduced. Speci cally, design considerations
based on vectorial ber mode theory are discussed. Three generations of vortex bers

are summarized.
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Chapters 4 and 5 describe OAM mode excitation schemes and characterization
methods. In particular, OAM mode conversion and/or excitation via methods in-
cluding mechanical induced mirobends ber gratings, UV-inscribed ber gratings,
acousto-optic ber gratings, and free-spacerplates. Theoretical background and
experimental implementation of di erent mode purity characterization methods are
discussed.

In Chapter 6, the results of OAM mode generation in vortex bers are presented,
with comparison of various conversion and excitation methods. The initial STED
imaging experiment employing the fundamental and OAM modes in vortex ber as
the excitation and the depletion beams, respectively, reveals that 3-4 fold resolution
improvement can be obtained. Further experiments on next generation vortex ber of
new generation have shown that the excited OAM modes are of high purity, resistant
to perturbations, and can be used to construct a ber-based STED microscopy system.

Finally, Chapter 7 summarizes the results and discusses the future directions for

this work.
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Chapter 2

Theory of Fiber Modes

In this chapter, the ber mode theory employed in this thesis is brie y described. This
treatment is descriptive rather than rigorous. Our notation and terminology closely
follow ref. (Snyder & Love, 1983), and readers could nd more details therein. We rst
introduce the general theory of optical ber modes. As described in Chapter 1, the
initial motivation of utilizing optical bers partially arose from the fact that a special
class of optical bers, known as vortex bers, can support and stably propagate orbital
angular momentum (OAM) modes over km-length of ber (Bozinovic et al., 2011).
We focus here on the description of the OAM modes in optical bers, including the
properties of such beams focused with a high numerical aperture (NA) lens. Finally,

the theory of higher order mode (HOM) conversions is included.

2.1 Helmholtz Equations and Vector Modes

The term \modes in optical waveguilde refers to the spatial distributions of electro-
magnetic elds. They steady-state elds are determined by Maxwell's equations. For

material that is non-ferromagnetic, isotropic, and source-free, the Maxwell's equations
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are in the form:

r E=i( o=0o)?kH (2.1a)

r H= (o= o)¥?kn’E (2.1b)
r n’E=0 (2.1c)
r H=0 (2.1d)

By variable elimination (either H or E), the vector wave equations, or better

known asvector Helmholtz equations, can be obtained:

(r2+n’k>»E=7r (E; r {Inn? (2.2a)

(r2+n%k®»H=(r H) r (Inn? (2.2b)

wheren = n(x;y) is the refractive index pro le of the material that is related to the
dielectric constant” by " = n?, k = 2 = is the wave number, is the free-space
wavelength, andr 2 is the vector Laplacian operator.

In optical bers, if we assumen is isotropic along the waveguide axiz, i.e.
n=n(r) , then the translational invariance of the waveguide allows us to decompose
the modal elds into longitudinal and transverse (with respect to the waveguide axis)

components, denoted by the subscripts and z, respectively, in the following form:
E=(e + e2)exp(iz) (2.3a)

H =(h, + h,2)exp(i z ) (2.3b)

where?2 is the unit vector along the waveguide axig, and is called the propagation
constant of the mode. Note thate,, e,, h, and h, depend only on the transverse
coordinates. By including a harmonic time dependence f@& and H of the form

exp(i!t ), where! is the angular frequency of the elds, and substituting them into
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the Helmholtz equations of Eq.(2.2), we obtain the followindhomogeneousrector

wave equations:

(rz+n%: He= (r+i 2)e r (Inn? (2.4a)

(rz+n%3 Hh=(r(+i 2 h r(Inn? (2.4b)

wherer 2 is the transverse (scalar) Laplacian operator (not to be confused with the
vector operator). It contains all the information needed to determine the spatial vari-
ation of elds in the optical ber. Solutions are known as vector modes or eigen modes
of the waveguide. In general, the vector Helmholtz equation consists of six coupled
equations (because of the presence of; In n? terms) for each of the components of
E and H vectors. However, substitution of Eq. (2.3) into the Maxwell's equations of
EqQ. (2.1) allows us to write the transverse elds purely in terms of the longitudinal
elds:

e = Wf re (0=0)%2 r (hyg (2.5a)

i 3
he = a2 thy +( 0= 0)%kn?2 1 (e,0 (2.5b)

This reduces Eq. (2.4) to only two coupled equations with two unknown variables
and h,. Therefore, in practice, we only need to solve fa, and h, and calculate the
corresponding transverse components afterwards.

It is worth noting that the non-zero termsr Inn? in Eq. (2.4) signi cantly com-
plicate the process of solving the wave equation, however, the mathematical basis
of polarization properties of the waveguide are fundamentally built into the vector
Helmholtz equations of Eq. (2.4). These non-zero terms couple various elds (for ex-
ample e, and h,) regardless of which coordinate system is chosen to solve the wave
equation, and they account for thenybrid nature of ber vector modes, meaning that

the modal eld is never a pure transverse electromagnetic (TEM) wave.
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2.2 Step Index Fibers

2.2.1 Scalar Helmholtz Equations

For a simple step index ber with a refractive index prole ofn(r) = ne (r< ) in
the core, andn(r) = ng (r> ) in the cladding, and being the radius of the core,
the term r , In n? vanishes everywhere except on the interface of core and cladding.
Therefore, a general approach to solve for the vector Helmholtz equations of Eq. (2.4)
is to solve the two equations within the core and the cladding region separately, and
apply the boundary conditions of Maxwell's equations to determine eld amplitudes.

It is shown that vector modes satisfy a simpler equation, in the core and cladding

respectively as shown below:
ré+ks % =0 (2.6)

where denotes eithere, or h,1. Substitution of e, and h, solutions into Eq. 2.5 gives
all amplitude components of theE and H elds. Applying the boundary condition
that the tangential eld components (i.e. e andh ) are continuous on the core and
cladding interface, leads to the eigenvalue equations for all modes.

The above equation is sometimes known as ttsealar Helmholtz equation. This
nomenclature does not imply the scalar nature of the solutions (or modes) unless
the weakly-guiding approximation is applied where the scalar modes happen to ful-
Il a set of scalar Helmholtz equations in the form of Eq. (2.6). The simpli cation
described here only o ers a way by which we could solve the vector Helmholtz equa-

tions of Eq. (2.4) without dealing with the non-zero termr (Inn?. In step index

IThere is an important premise when deriving Eq. 2.4 from Maxwell's equations, that is the eld
E and H are assumed to have components in a xedartesian coordinate system so that the scalar
Laplacian operator r 2 in Eq. (2.4) can replace the vector oner 2 in Eq.(2.2). Hence, Eq. (2.6)
holds for each cartesian component of th&e and H elds. This, of course, includese, and h,. Note
also that the spatial variation of each cartesian components can be expressed in di erent coordinate
systems such as cylindrical one that is more suitable for optical ber waveguide.
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bers, EQ. (2.6) yields exact solutions for vector modes, with the separable forms
(r, )= F(r)cosl and (r; )= F(r)sinl , wherel=0,1,..., and F(r) satisfy
the ordinary di erential equation

@2 1d L, 12
gz rar T

2 F((r)=0 (2.7)
Thesehybrid vector modes (modal elds are never pure TEM waves) are labeled by
two indices: | is the order, andm the m™ root, of the eigenvalue equation for HOMs
(I;m 2 N), and usually designated as HE;.m and EH 1.,y (I> 1),TMom and TEgm
(1=1) modes.

As an example, Fig. 21 shows near- eld intensity patterns of fundamental modes
HEX, and HE};, and the rst group of higher order vector modes Tk, HES!®",
HESY, and TMo;. The polarization of the E eld is indicated by arrows on each
image. For the two fundamental modes HE and HE],, there is no preferred axis
of symmetry for the polarization, and the symmetry of the system requires that the
propagation constants of these two modes be equal, therefore they are degenerate.
Likewise, the two HE; modes are also degenerate. FEand TMy; have transverse
electric elds that are purely azimuthally and radially polarized, respectively, and are
non-degenerate solutions with distinct propagation constants.

The treatment of step index bers discussed above can be readily extended to
analyze multilayered bers if each layer has a uniform refractive index (see Fig22
for example). The scalar Helmholtz equations of Eq. (2.6) hold in each layer, and
the waveguide polarization properties arise when boundary conditions (continuous
tangential elds) are applied to the layer interface(s) to get the eld at those positions,

e.r= (M2 1,230
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Figure 2 1: Intensity patterns of vector modes of a step index ber.
Arrows indicate the local polarization directions of theE eld.

2.2.2 Weakly Guidance and Polarization Correction

As one of few known refractive index pro les whose vector Helmoholtz equations have
the exact solutions, step index bers' modal elds are not trivial to solve for. Certain
approximations have been made therefore to simplify the solving among which the
most important one is the weakly guiding approximation (WGA). The ber waveg-
uides are considered as weakly guiding when the refractive indices of the core and
cladding are nearly equal, i.en,, ng.

The WGA allows us to construct the modal elds by solving the scalar Helmholtz
equations of Eqg. (2.6), and applying a polarization correction to the propagation con-

stant . Speci cally, the modal eld expressions are given by:

E=e expli(T+ )Z] (2.8a)

H=h expi(™+ )z] (2.8b)

wheree and h are solutions to Eq. (2.6),” is the propagation constant, and denotes
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Figure 2 2: Schematic of multilayered waveguide structures with qual-
itative refractive index pro les. (a) The three-layered structure of a W-
ber. (b) A general m-layered structure. ,, denotes the corresponding
layer radius.

a polarization correction to account for polarization properties of the waveguide.
Using perturbation theory, the polarization correction for every vector mode can be
calculated (Snyder & Love, 1983), and those values for the rst HOM group are listed
in Table 2.1:

In the table, quantities I, and |, are given by:

2 2
3=2
I, = (24)\/ RF1(R) % %dR RFZdR (2.9a)
0 0
A VA
3=2
I, = (24)\/ F2(R) g—fRdR RFZdR (2.9b)
0 0
where = %(1 nZ=nZ,) is the refractive index pro le height parameter,V =

2 _(n2, n3%)*?is called the ber parameter,R = r= is the normalized radius
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Table 2.1: Transverse modal eldse; and the polarization correction
to the scalar propagation constants of the rst higher order vector

mode group.
Mode e
HE11 RFq or $F¢ I
HES®" [Rcos ¢ sin JFy(r) P
TMo1 [Rcos + ¢sin JFi(r) 2(I1+ 1)
HEP{® [Rsin + ¢ cos JFy(r) 11 1,
TEo1 [R sin Y cos JFyi(r) 0

(dimensionless), is the core radius, andf is the variation part of the refractive
index pro le de ned through equation n(R)? = n2(1 2 f(R)), and nc is the
maximum refractive index. Note that there is no polarization correction for Tk
mode, and its modal eld satisfy the scalar wave equations of Eq. (2.6).

We shall see in Chapter 3, the expression of polarization correction to the vector
modal eld of Eq. (2.9) provides an invaluable insight and physics intuitions on ber
designs to lift the polarization degeneracy for the rst group of HOMs (see Table 2.1

for mode eld expressions, and Fig. 2 for mode intensity patterns).

2.3 OAM Carrying Modes in Optical Fibers

2.3.1 Vector Modes and OAM

In 1992, Allen and coworkers showed that beams with a phase term of edp() carry
OAM of |~ per photon, wherel is called the topological charge and is the azimuthal
coordinate (Allen et al., 1992). Such beams have been proven to exist in optical bers
too (Bozinovic et al., 2012; Ramachandran & Kristensen, 2013). It has been shown
that circular polarizations = % iy can be used as the bases to construct the
transverse electric eld of vector modes discussed in Sec. 2.2. Therefore, for instance,

the rst group of higher order vector modes (or their linear combinations) in a step
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index ber (see Table. 2.1) can be written in the following form:

HES®" i HESM = Fy(r) e | (2.10a)

TEg1 | TMg1=Fq(r) e (2.10b)

whereF,(r) is the radial function of the modal eld that satis es Eq. (2.7).

The helical phase term exg( ) implies that such a beam carries OAM of- (1=1).
Eqg. (2.10) indicates that the OAM mode exist in optical bers through a coherently
linear combination of two vector modes, i.e. HE" and HE3Y with a =2 phase
shift in the optical ber since they are considered as degenerate modes in step index
bers. Notably, the mode described by Eq. (2.10a) has the same handedness for both
the helical phase and the polarization, and is therefore often referred to ggin-orbit
aligned OAM mode whereas Eq.(2.10b) shows the counterpart i.espin-orbit anti-
aligned OAM mode (Ramachandran & Kristensen, 2013). In the context of STED
microscopy application, we will show in the Sec.2.3.3, thepin-orbit aligned OAM
modes are needed to form the desired depletion pattern under high NA objective
lens focusing. Through out this thesis, the term "OAM beam' refers to thgpin-orbit

aligned OAM unless stated otherwise.

2.3.2 OAM in Conventional Fibers

Although solutions to the vector Helmholtz equations of Eq. (2.4) tell us that the
OAM beam exists in a step index ber, such a beam does not live stably in conven-
tional bers. That is because the di erence in between two HE.; and TEg; (or
TM.1) modes is too small to separate the OAM mode expressed by Eq. (2.10a), from
its adjacent modes (e.g. Tk and TMg.1). More rigourously put, as we discussed
in Sec.2.2.2, the WGA applied to conventional optical bers allows us to solve for

modes using perturbation theory. For each™ in Eq. 2.8, there exist four degenerate
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modes (solutions) due to the two-fold degeneracy of rotational symmetry of cylindrical
waveguide, and the two-fold polarization degeneracy. It is the polarization correction
that distinguishes them from each other.

As one might expect, for scalar modes in conventional optical bers are very
limited ( 10° or less) such that aforementioned four modes of each mode group
randomly couple into each other as they propagate along the ber. This intermodal
coupling increases as the di erence of the propagation constant between two modes
() decreases. This coupling can be caused by various factors including bending
of the ber, non-circularity due to fabrication imperfection, and any other structural
perturbations in the refractive index. It is shown that the coherent superposition
of two modes in the rst HOM group with slightly di erent propagation constants
manifests itself as a two-lobe intensity pattern whose orientation is determined by the
phase di erence between the two modes (Snyder & Love, 1983). Therefore, instead
of forming a stable OAM mode as depicted by Eq. (2.10a), in conventional bers,
LP;; modes (see Fig. 3. In the linear polarization mode designation LR,, | and m
are the azimuthal and radial orders, respectively.) are almost always observed at the
output (Ramachandran & Kristensen, 2013).

As described in the beginning of Chapter 3, proper design of ber's index pro le
provides enhanced separations (in propagation constants) of the rst higher order
vector modes, thus leading to stable guidance of OAM modes. The rst practical
generation and propagation of higher order vector modes in optical bers was demon-
strated by Ramachandran and coworkers in 2009 (Ramachandran et al., 2009). It can
be shown that ne for the TMo, mode is at least 1.8 10 4|an order of magnitude
larger than that of conventional optical bers. It later led to the rst demonstration

of km-range stable propagation of OAM modes (Bozinovic et al., 2011).
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Figure 2 3: Intensity pro les of vector modes TMy;, HES:*"™* and

TEo;; and of scalar linear polarization modes Lﬁzzyof a step index

ber. Solid and dahsed lines imply that coherent superpositions of two
vector modes generate two scalar modes with di erent orientations.
The overlayed arrows show the polarization direction of the local elec-
trical eld.

2.3.3 Focusing of Vector Modes with High NA Optics

It is crucial to appreciate that for OAM modes in optical bers described by Eq. (2.10a),
the handedness of theolarization and helical phaseare naturally aligned (Ramachan-
dran et al., 2015). So the OAM modes in the optical ber studied in this work are
inherently spin-orbit alignec?. This is especially important when we consider applica-
tions involving high NA focusing of such beams as is required by STED microscopy.
Conventional scalar treatments (such as the paraxial approximation) of beam
propagation or diraction problems break down when a high NA system is consid-
ered. Previous studies have shown that focusing a polarized (especially non-uniformly
polarized) cylindrical vector beam through a high NA system yields many unusual

phenomena. For instance, a linearly polarized Gaussian beam after being focused

2The Spin-orbit anti-aligned OAM modes can be formed by a linear combination of two higher
order vector modes (> 1), e.g. HE'T, iEH,"“dl;m = Fi(r) exp( im ), provided that those
two modes are degenerate modes with same propagation constants (Gregg et al., 2015a).
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forms an elongated spot (along the polarization direction) instead of a Gaussian spot
in the vicinity of the focus of a high NA objective lens. This can be modeled by the
generalized vector Debye integral described by Richards and Wolf (Richards & Wolf,
1959) (refer to Appx.A for detailed derivation for the analytical expressions of an

arbitrary beams/modes incident in the back aperture of a high NA objective lens.).

(a) Spin-orbital aligned OAM
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Figure 2 4: Simulated and experimentally measured intensity patterns
of (a) the spin-orbit aligned; and (b) the spin-orbit anti-aligned OAM
beams, at the focal plane of a high NA objective. Corresponding line-
cut pro les along the center of the beams are also shown.

Given that our main goal is to demonstrate a ber-based STED microscopy, we
numerically calculate the intensity distribution of the spin-orbit aligned and anti-
aligned OAM beams at the focal plane of an aplanatic objective lens with NA=1.35.
The experimental intensity distribution for the two beams are also measured. As
shown in Fig. 24 (a), the intensity null of the spin-orbit aligned OAM beam is well

preserved in both cases of simulations and experiments. In contrast, for tBpin-
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orbit anti-aligned OAM (Fig. 2 4 (b)), a considerable amount of light shows up at
the center of the beam although it has the same near- eld intensity pattern as the
spin-orbit aligned OAM beam. This central intensity will not only deplete the uores-
cence coming from the region where one would not expect to deplete, it also creates
unwanted background uorescence likely excited by the intense depletion laser beam
(Eggeling et al., 2015). This signal degradation would signi cantly compromisethe
STED resolution. Consequently, thespin-orbit aligned OAM is required in STED

microscopy.

2.4 Summary

This chapter has provided the theoretical framework for the high order modes in step
index bers. The ber modes, and vector Helmholtz equations or wave equations are
described in detail. The weakly guiding approximation is introduced, which gives rise
to an important parameter, the polarization correction to the propagation constant

. An understanding of this parameter both quantitatively and qualitatively is an
essential prerequisite for designing vortex bers described in Chap. 3.

We then show that the OAM modes are eigen modes of step index bers, however,
due tosmall between OAM modes and its adjacent vector modes, the conventional
step index bers do not support such OAM modes stably, which leads to designs of
a new class of bers. In addition, we show that a specic type of OAM modes|
spin-orbit aligned OAM|are needed in STED microscopy applications, and that our
new ber design inherently ful lls this requirement by utilizing only the rst order of

OAM modes with| = 1.
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Chapter 3

Vortex Fibers

The goal of our ber design is to search for a refractive index pro le(r) such that
HE,., modes do not easily couple into its neighboring modes §Eand TMo;. Heuris-
tically, a good rule of thumb is that the e ective index di erence ne; between these
vector modes should be at least larger than 10

For weakly guided waveguides, considering higher order modes (HOMSs) HE,
and EH 1., modes withl =1;m =1, i.e. TEq1, TMoy, and HES*"™** modes, their

polarization corrections are determined by:

TEo = 0 (31&)
™™o = 2(11+ 12) (3.1b)
HE;Zen:Odd =1 Iy (31C)

Equations 3.1 indicates that in order to lift the degeneracy among aforementioned

three vector modes, large values of and |, are essential. By recalling Eq. (2.9):

2 2
3=2
I, = (24)v RF.(R) dFJéR) g—fR dR RF2dR (2.9a revisited)
0 0
2 2
3=2
I, = (24)\/ F2(R) % drR RFZdR (2.9b revisited)
0 0

and applying qualitative analysis we nd that coincident of large values of the modal

eld F(r), the rst derivative of the eld d F;(r)=dR, and the refractive index gradi-
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ent df=dR can lead to large polarization correction constants therefore breaking the
degeneracy that often exists in regular step index bers.

When combining above equations with ber design empirical knowledge, it is
shown that if the refractive index pro le of the guiding region of designed ber shares
the similar “shape' with guided modes which in this case are ring-shaped vector modes,

above coincident condition can be readily satis ed (Ramachandran et al., 2015).

3.1 The First Generation of Vortex Fiber

The rst generation and propagation of higher order vector modes (T§&, TMo,, and
HE,.,, or vortex modes) in optical bers over a practical length scale (longer than a few
meters) was demonstrated by Ramachandran and coworkers in 2009 (Ramachandran
etal., 2009). These bers feature an inner core and a ring structure of higher refractive
index which mimics the modal eld of vortex modes. It can be shown that the
refractive index di erence ne; for the TMo.; mode (with respect to its neighboring
modes) in this ber is at least 1.8 10%: an order of magnitude larger than that of
conventional optical bers. This ng value corresponds to a dramatically decreased
polarization beat length from 155 mm for the conventional ber to 9 mm for the
vortex ber, if the operation at 1550 nm wavelength is assumed. It later led to the
rst demonstration of km-range stable propagation of OAM modes as implied by
Eq. (2.10) (Bozinovic et al., 2011).

For this, these vortex bers are referred to as the rst generation (Gen-1) of vortex
bers in what follows.

The fact that the Gen-1 vortex ber is able to simultaneously deliver a donut-
shaped OAM and a Gaussian-like fundamental modes (beams) and is able to maintain
them spectrally isolated makes it a promising building block for the new generation

of STED microscopy. Studies on these vortex bers had been, however, originally
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motivated by optical ber nonlinear phenomena involving higher order vector modes,
optical communications, or quantum optics etc. Thus, Gen-1 bers were most often
designed for operation in the Im or 1.5 m regime. It was therefore believed that

they may not be suited for applications in the spectral range close to the visible.

Fortunately, for optical ber fabrications, it is not uncommon to draw glass pre-
form into bers with a set of outer diameters (ODs), to avoid almost inevitable
uctuations in design parameters due to fabrication imperfection, thus increasing the
chance of getting the optimal performance. As one could expect, the smaller OD
results in lower cuto wavelengths for HOMs ( > 1). This fabrication strategy allows
us to initially explore the potential application of the vortex ber (of smaller OD)
in STED microscopy where the spectral range between 450-800 nm is of the most
importance. For the STED application, the ideal case would be that only modes with
=1 (including the OAM mode acting as the depletion or STED beam) and the fun-
damental modes (acting as the excitation beam) are guided within the spectral range
of interest. In reality, however, even with the smallest OD in the lab, i.e. 8tn ,
the ber is still highly multimoded (see Fig.32(a) for e ective indices of HOMS).
Consequently, in the context of STED microscopy, we chose our excitationg(..) and
STED ( step) wavelength pair to be 650 nm and 750 nm, respectively, that are the
longest wavelength pair for practical STED imaging experiments, and close to the
cuto wavelength.

Figure 31 (a) shows a microscope image of the cleaved facet of Gen-1 vortex ber
with an OD of 80 m . The ring structure and core are evident in the zoomed-in
image. The OD is about 20% smaller than the one studied for telecommunications
(Bozinovic et al., 2011). Fig. 31l (b) compares the measured index pro les of the
Gen-1 bers with an OD of 105m used in ref. (Bozinovic et al., 2013) and an OD

of 80 m used in this study.
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Figure 3 1. (a) Microscope image of the cleaved facet of a Gen-1 ber
with an OD of 80 m . Inset: zoomed-in image to show the high-index
ring and slightly lower-index core structures. (b) Measured refractive
index pro les of Gen-1 OD 80m (gree solid line) and 100m (blue
dashed line) ber. Scale bar: 5m .

In order to have somea priori prediction of the vortex ber properties, a vector-
based modesolver written by Martin Pedersen at Technical University of Denmark
(Pedersen, 2013) is used to numerically simulate the OD 88 ber. The results
are summarized in Fig. 2. As shown in Fig. 32 (a), at around stgp =750 nm, the
OD 80 m ber guides up to the EH,.; mode (and its degenerate mode HE which
is not shown in the graph) in the core. This indicates that the desired I—QEld and
HEZST" modes (or the OAM mode) are well guided in this spectral region, and likely
have small propagation losses. However, it complicates the mode excitation using
the ber long period grating (LPG)?, in that a pure fundamental mode launching
into the vortex ber is one of the prerequisites for e cient mode conversion, but it
will be hard to obtain in this case because of the multimodedness of the ber. In
general, the vortex ber is fuse-spliced to a single mode ber (SMF), and the power in

the fundamental mode of the SMF will inevitably be coupled into other core-guided

1A means to convert one ber mode into another with very high e ciency and low loss. This
method together with other free-spaces ones are thoroughly discussed in Chapter 4.
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Figure 3 2: Numerical simulation results of the Gen-1 vortex ber

with OD of 80 m : (a) e ective indices of vector modes; (b) e ective

index di erence between the HE.; and its neighbouring modes, i.e.

TE1 and TMy.1, as a function of wavelength; (c) modal intensity pro-

les of the fundamental mode HE.; at the excitation wavelength of 650

nm (green line), and the OAM mode at the STED wavelength of 750
nm (red line); and (d) required LPG periods for mode conversions from
the HE;.; mode to the TEy;, HE,; and TMg.; modes as a function of
wavelength.
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modes of the vortex ber because of the splice imperfection. This will: (1) change
the output eld composition of the vortex ber (it is possible that other core-guided
modes in the vortex ber also interact with the microbend-LPG and are converted
into some di erent modes that may or may not be core-guided); and (2) degrade
the throughput of power in the desired modes of the ber device. The former e ect
completely dismisses the hope of getting a pure OAM out of a vortex ber for STED
microscopy, and the latter not only causes beam distortion, but also imposes a power
burden on STED lasers|a depletion beam with high intensity is crucial to achieve
resolution enhancement in STED microscopy (Harke et al., 2008). As we will discuss
in Sec. 4.1, mode stripping tapers are generally utilized to strip out unwanted higher
order modes to ensure a pure fundamental mode launching, and details of the design
and implementation can be found therein.

As mentioned earlier in this section, the Gen-1 vortex ber was designed to operate
inthe 1 or 1.5 m regime, so the criteria of ne; > 10 # was regularly checked only
at these wavelengths during the designing process. Therefore these bers are not
guaranteed to meet the same criteria in 600-800 nm range. In fact, as our simulation
shows in Fig. 32 (b), ne drops to below the threshold 1d. In terms of OAM mode
stability, the Gen-1 vortex ber may have a mediocre performance in the wavelength
regime of interest. However, STED had never been demonstrated nor even practically
proposed using optical bers before the vortex ber and the OAM mode propagation
were demonstrated. The Gen-1 ber held great promise for the prospect of STED
microscopy using optical bers at the time. Therefore, we studied this ber and
incorporated it into a STED microscopy system, and performed some STED imaging

experiments. More details will be presented in Chapter 6.

2The optical bers previously involved in STED microscopy were mostly used to deliver laser
light from remote places to the microscopy setup. The excitation beam can be from an SMF, but
the STED beam has always been converted afterwards in free-space through a vortex phase plate,
special waveplate or spatial light modulator.
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Another technical problem with the Gen-1 vortex ber is that the fundamental
mode at o, = 650 nm has a ring-like { as opposed to Gaussian-like { intensity
pro le (Fig. 3 2(c) shows its modal intensity pro les at 650 nm). This is because as
the wavelength moves to the shorter range, the fundamental mode eld becomes more
and more con ned in the high index region, which in this case, is the ring structure.
Such a ring-like HE.; mode would not generate a Gaussian-like point spread function
(PSF) (see Chapter 6 for more details) so it cannot be used as the excitation beam in
STED microscopy. To tackle this problem, we know from general waveguide theory
that shortening the wavelength has a somewhat equivalent e ect on the modal elds
as increasing the dimensions of the waveguide and vice versa. Therefore, we could
in principle reshape the HEk;; mode at ¢ by changing the size of the waveguide at
the ber output: this can be done by slightly tapering the ber output. The tapering
process involves mounting the OD 80n ber on two motorized translation stages
with programmable velocity pro les. The ber is then heated and melted to a certain
extent by a moving electric-arc assembly. By carefully controlling the velocity pro les
of the two stages and arc assembly, and the power of the electric-arcs, an adiabatic
ber taper consisting of two transition regions of 10 mm, and a waist of 10 mm can be
made. More technical details about the taper fabrication can be found in Sec.4.1.4.

We cleave the waist in the middle of the waist region to create an output with
smaller OD. The nal OD is chosen such that the HE; mode at ¢, becomes more
Gaussian-like whilst the OAM mode at step is still well guided and ng¢ does
not decrease too much. Fig. 3 shows the schematic of an OD 50n taper and the
simulated intensity pro les of two fundamental modes from ber outputs with OD
of 50 m (green line) and OD of 80 m (red line). The insets are experimentally
measured near- eld mode images of HE at ¢ = 650 nm. The two STED beam

images on the top also indicate that the OAM mode at stgp = 750 nm is not
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Figure 3 3: A 50 m diameter taper is made to re-shape the funda-
mental mode pro les of the Gen-1 ber. In an OD 80 m ber, the
HE;; mode at =650 nm has ring-shaped pro le, but is Gaussian-
like in an OD 50 m waveguide, whereas the OAM modes atstgp =
750 nm is virtually unchanged

distorted by the output taper, which has been con rmed by characterizing the PSF
of this beam. The OAM mode shown in this gure was excited using a microbend-
LPG with period of 900m , determined by the grating phase matching curve
(PMC) [see Fig. 32(d)]. The grating PMC plots the required grating period as a
function of resonant wavelength s determined by ( (es) =0 in Eq. (4.3).

Now that we can e ectively co-propagate the excitation and STED beams in the
Gen-1 ber, it is natural to ask how to excite these modes simultaneously, and to
what extent the vortex ber is useful in STED microscopy. The second question may
be too early to ask from the perspective of ber design, since we have the access
to only one particular vortex ber, that is the OD 80 m ber, and we know that

the OAM mode is most likely not stable below the designed wavelengths, however
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it is still worth attempting STED experiments with this ber. That was indeed
what we have done in this study. We used a microbend-LPG to excite the OAM
mode at step, characterized the PSF of it, and performed the STED experiments
with this ber for the rst time, and this is the primary topic of discussion in the
following chapters (Chapters 4 and 5 discuss the ber OAM mode excitation and
characterization, respectively. Chapter 6 presents the ber-based STED illumination
system and corresponding STED imaging results).

However, with regard to the ber design, we would like to remind the readers that
ners for the Gen-1 vortex ber is indeed below the threshold value of 10for stable
OAM mode propagations (Ramachandran et al., 2009; Ramachandran & Kristensen,
2013). So in the next section, we summarize limitations that the rst generation of
vortex bers have, and discuss the design methodology of new generations of vortex

ber that are suited for STED microscopy applications.

3.2 Summary and Discussion of Fiber Design Methodology

So far, we have found the following critical issues prohibiting the rst generation of
vortex bers from operation in the visible spectral range for ber STED microscopy

applications:

1. OAM modes in Gen-1 bers are not stable thus susceptible to external pertur-
bations such as bends and twists of the ber. This is caused by too small a
value of e ective index di erence ng; (< 10%) between the OAM mode and

its adjacent modes, i.e. TM; and TEy; modes (LP;; group).

2. The Gen-1 vortex ber core is multimoded in the visible spectral range (400
700 nm), thus increasing the complexity in coupling or launching the funda-
mental mode into the vortex ber by either splicing a single mode ber to it or

by free-space laser beam coupling.
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3. The fundamental HE; mode is ring-shaped instead of Gaussian-like, so it is not
suitable for being used as the excitation beam in STED. This also introduces
a large mode mismatch between the vortex ber and a single mode ber, thus
a higher insertion loss, while the system power throughput is critical for STED

microscopes.

4. The desired ber grating pitch for OAM mode conversion in the visible range is
too large, i.e.> 900 nm which is in the same length scale as naturally existing
perturbations such as microbends distributed along the ber, which may cause

extra intermodal coupling.

Therefore, to build an optical ber based STED microscope, it is favorable to re-
evaluate the design parameter space and pursue the fabrication of new generation of
vortex bers that work in the visible range where most STED uorescence dyes are
employed. To this end, the following criteria (in order of priority) must be met by

new designs:

Enhanced ne; Preferably greater than 1 10* between LP;; modes group in

the visible wavelength range, i.e. 400700 nm.

Gaussian-like HE ;; Mode The overlap integral value between the Hg mode and
an ideal Gaussian beam is expected to be greater than 90%hich according

to previous experience would result in a reasonably low splicing loss.

Proper Cuto s Cuto wavelengths for LP1; and the next higher order modes
group (i.e. EH;; and HEsz;) need to be> 200 nm, and< 50 nm apart from the

STED wavelength, respectively, to mitigate the multi-path interference (MPI)

SAlthough we know from Fig. 3 3 that it is possible to reshaped the fundamental mode by
post-engineering of the ber output, that process inevitably makes the ber incompatible with
micro-optics such as a GRIN objective lens for potential endoscopic implementations. Therefore,
maintaining a natural Gaussian-like HE;.; mode is somewhat necessary.
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(Ramachandran et al., 2003) between modes while keeping the STED beam

well-guided.

Reasonable LPG Pitch  Grating period in the order of 100sm is preferred for

e cient mode conversion by UV or microbend induced or acousto-optically

generated gratings.

Here we describe our design process of new generations of vortex ber. Among those
criteria listed above, ng¢ Is of prime importance. We take the physics intuition in
relationship between the mode eld pro le and the polarization correction to propaga-
tion constant that is embedded in Eq. (2.9), and realize that the large eld amplitude
F1(R), high index pro le gradient df=dR, and large eld gradient d~;(R)=dR all
could lead to larger polarization corrections and hence enhance the mode stability.
According to the waveguide theory, above quantities are mainly a ected by the
design parameters shown in Fig. 3, i.e. refraction indices of. the core n,, the
uorine-doped trench n; index, and the ring n3, and the core radiusd,;, and the

ring thicknessd,, and the appearance of the second uorine-doped trench. The ber

0.03
Ny =" Yy Design 1
o) — Design 2
CU)O.OZ
Ny <5 <
Zo.01
<
3 — 2nd trench
= o0
n, <=

001, ™% 3 4 5 6
Radial ( )

Figure 3 4: Vortex ber index pro les with designing parameters.

design has a huge parameter space because the functional relationship between pa-

rameters and ber properties are complicated, and parameters are most often coupled
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to one or more ber properties, for example:

To have a large nei Vvalue, we rst increase the refractive index of the ring
ns. The high (ring) index results in tighter con nement for OAM modes.
As expected, increasing the ring index thereafter makes the fundamental mode
more ring-like because of the tighter con nement. Therefore, there exists a
trade-o between having large n¢+ and getting the Gaussian-like HE; mode.
Increased n; leads to a better Gaussian-like fundamental mode but also de-

creases the e ective index di erence nNegs .

Higher n3 and lower n, increase ne; however modify the fundamental
mode into ring-shape. We intentionally x the refractive index of the uorine
down-doped region ( n;) when searching for parameters to achieve the rst
two goals described above, and leaven, as a tuning parameter (sometimes
together with ne tuning of the core index n; as well) to control the cuto
wavelength of higher order modes since it has a much smaller e ect omgs;
compared to other parameters.

As ng n; are altered, the core radiusl; needs to be adjusted accordingly
to obtain better Gaussian-like fundamental mode.

As nzis changed, we have to decreask correspondingly to get larger ness .

The same vector mode solver used to simulate the Gen-1 vortex ber is employed to
numerically simulate di erent ber designs, and by carefully balancing these param-
eters, a new vortex ber design, or the second generation (Gen-2) of vortex ber is

nalized.

3.3 The Second Generation of Vortex Fiber

The initial Gen-2 design sent to our collaborator at OFS for fabrication trials is shown

as the yellow trace in Fig. 35.
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Based on preform fabrication feedback from the manufacturer, we learned that
the core sized; and index n; for the rst design have to be increased and decreased,
respectively, by a factor OP 2 (shown as the red trace in Fig. %) to have larger area.
After several unsuccessful trials of ber preform deposition, it was found that the
refractive index of the uorine-doped trench ( n,) was too low to be deposited on the
high index ( n3) ring structure, therefore a second revision (the blue trace in Fig.S)

was made to the Gen-2 vortex ber design to allow for a successful fabrication.

Original design
0.03 1st revision
~ --- 2nd revision
Q 0.02
n
é 0.01
o)
L] 0
£
0.01

Radial position ( Fn)

Figure 3 5: Gen-2 vortex ber designs. Yellow solid: the original
design; Red: 1strevised design; Blue dashed: 2nd revised ( nal) design.

With the second revised design, a ber with 125n OD was drawn for test since
this standard OD makes the Gen-2 ber easier to handle for usage including clamping,
cleaving and splicing etc.

Experimentally measured refractive index pro le of the fabricated ber preform
was available for our initial simulation validation. Fig. 36 (a) compares the designed
pro les of the ber and the measured pro le of the ber preform (scaled in the radial
direction to match the dimension of the ber). After the ber is drawn, the actual
ber index pro le cannot be experimentally measured because the small size of the

ring-core structure is beyond the resolution limit of our ber index pro ler. In order
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to evaluate how well the designed index pro le is preserved during the ber drawing
process in which high temperature may cause diusion of various dopants in the
vortex ber, glass canes of di erent diameters that have gone through the drawing
process were collected at the end of drawing, and their refractive index pro les were
measured. Fig. 3 (b) also shows a scaled index pro le of an OD 63tnh glass cane,
indicating the designed pro le is well preserved. For Gen-2 vortex ber design, only

one successful preform fabrication trial was made, and only one OD (126 ) was

drawn.
(a) — Gen-2 0D125 (b) —— Designed
0.03 q ---- Gen-1 OD80 0.03 — Preform
< RS 8 —— 0OD630 rod
20,02 | ‘. £0.02
l;i 0.01 - ! ’ E, 0.01
< i E E c k
i 0 i T ~= -0
5 }
-0.0y 2 4 6 g 001 1 2 3 4
Radius ( Bn) Radius ( Fn)

Figure 3 6: (a) Comparison of index pro les of a Gen-2 OD 125n
(green solid) and a Gen-1 OD 80m (blue dashed) bers. (b) Compar-
ison of several Gen-2 index pro les: the designed ber pro le (blue),
the measured preform pro le scaled to an OD of 128 (red), and the
measured pro le of a glass rod with an OD of 63Gn (green).

With the measured index pro le, we simulate the fabricated ber from 400 to
1000 nm. Figure 37 shows e ective indices of di erent modes.

This particular OD of the Gen-2 ber is designed for the operation at ¢ =532
nm and step =647 nm. Other target STED wavelength pairs include ¢ =488 nm
and step =592 NMm, ¢4 =650 nm and step =750 nm, which could be achieved by
di erent ODs of Gen-2 ber. The cuto wavelength shown in Fig. 37 are at around

880 nm for the rst HOM group, and 690 nm for the next HOM group which consists
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Figure 3 7: Simulated e ective index of vector modes in the Gen-2
vortex ber with an OD of 125 m .

of a degenerate mode pair EH and HEs; modes. The second cuto is designed to
be close to the STED wavelength so that among higher order modes only the OAM

modes are well guided in that wavelength range.
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Figure 3 8: (a) Simulated n¢s between HE.; and its neighbouring
modes TEy; and TMq.;. (b) Simulated modal intensity pro les of Gen-
2 ber: the fundamental mode at = 532 nm (green solid line),
the OAM mode at step = 647 nm (red solid line), and the Gaussian
function who has the maximum overlap integral with the HE.; mode
(black dashed line).

The separation of the HOMs in e ective index is shown in Fig. 8 (a). We can see
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at step =647 nm, the smallest ng is equal to 132 104, larger than the design
criteria (marked by grey dashed line in the gure). The simulated intensity pro les
of the fundamental mode HE; at ¢ =532 nm, and the OAM mode at srtgp =750
nm are shown in Fig. 38 (b) where we can see that the fundamental mode is indeed
Gaussian-like.

In order to evaluate the Gaussianness and predict the potential loss of input
coupling, we calculate the modal eld overlap integral between an ideal Gaussian
beam and the HE.; mode in this ber, that is given by RAﬁber Gau HEqy OAfiber
provided that both modes are normalized to have unit power. The Gaussian eld
that has the maximum overlap integral with the HE; mode is shown in Fig. 3 (b)
(black dashed line), and the muximum overlap integral value is 97%. For comparison,

the similar overlap integral values for the fundamental mode in Gen-1 ber were 67%

the OD 80 m and 94% for OD 50 m outputs as shown in Fig. 3.
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Figure 3 9: Simulated (a) grating PMCs of the 2 HOM group in the
Gen-2 OD 125m ber; and (b) grating PMCs for vortex bers with
di erent ODs.

A series of ber grating experiments revealed that the Gen-2 vortex ber has

following issues:

1. The grating period for visible OAM mode conversion becomes too small [ 100;
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see Fig. 39 (a)] therefore not accessible by microbend grating techniques (ca-
pable of creating gratings with period of at least a few hundreds ah ). This

is because as the physical dimension of the core-ring structure decreases (com-
paring with, for example, OD 80 m Gen-1 vortex ber), the corresponding

grating PMCs move downward to the smaller periods as shown in Fig93b).

2. UV inscribed ber gratings showed unpredictable results in terms of mode con-
version e ciency and polarization dependence, and unexpected spectral re-
sponse. Figure 30 shows the experimentally measured depths of UV LPGs
for OAM conversion at 647 nm as a function of exposure time. The data were
taken from a few independent sets of experiments. For a xed exposure time,
e.g. 520 s, the depth of the grating resonance would change over 18 dB which
implies an unrepeatable recipe. In addition, both the strength and position of
HE,., mode resonance(s) show a strong polarization dependence, which causes
the split of two HE,.; modes, somewhat preventing them from forming an OAM
state at the designed wavelengths. So it is di cult to get a grating device with

strong mode conversion at the designed resonant wavelength in a systematic

way”.

Considering the di culty we had encountered during the course of ber preform
fabrication, we suspect that the high index and index contrast may account for such
issues. These factors make the fabrication of Gen-2 preform/ ber much more di cult
(which is con rmed by the ber manufacturer), and hence resulting in less control
over the quality of the preform and the ber such as the ovality and birefringence.

Therefore, with the aim of implementing ber grating based OAM mode conversion

4The gratings may randomly have a deep resonance at the right wavelength, but such samples
are most often too short for any practical experiment. Although one might argue that consecutively
writing gratings on long pieces of vortex bers and expecting to get a \lucky" device seems doable
from the point of view of performing a \hero experiment", but such an experiment is neither feasible
nor preferable from a scienti ¢ and systematic long-term research perspective.
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Figure 3 10: Experimental measured depth of UV gratings resonance
for OAM mode conversion as a function of UV exposure time.

which is more compact and convenient than free-space mode conversion methods, we
proceed to pursue a third generation (Gen-3) vortex ber with modi ed index pro le
to allow for controllable and stable performance.

Nonetheless, the Gen-2 bers are able to well guide and stably propagate OAM
modes at the visible spectral range, and it has been tested by free-space OAM excita-
tions in this ber through a birefringent device called theg-plate(Yan et al., 2015c).

The corresponding results are included in the next chapter as well as in Chapter 6.

3.4 The Third Generation of Vortex Fiber

The third generation of vortex ber, strictly speaking, is not a new ber design,
in that we shrank the Gen-1 ber index pro le to be able to operate in the visible
spectral region. The ber preform is overcladded accordingly to obtain ber with
an OD of 125m . Figure 311 (a) shows a comparison between index pro les of the
Gen-1 and Gen-3 vortex bers. Note that although the Gen-3 ber has a nominal OD
of 125 m, the actual physical dimension of the core/ring structure has been shrunk

accordingly with respect to the Gen-1 ber (which has an OD of 80m ).
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Figure 3 11: (a) Comparison between measured index pro les of the
Gen-3 and the Gen-1 bers. (b) Simulated intensity pro les of the
fundamental mode at <. =532 nm and the OAM mode at stgp =647
nm, and a Gaussian function who has the maximum overlap integral
with the HE ;.; mode. The dashed blue line is the schematic of the index
pro le to show the eld distributions of the two modes with respect to

it.

Due to the small dimension of the core/ring structure (radius< 2 m ) of Gen-3
vortex ber, similar to Gen-2 vortex ber, our berindex pro ler is not able to revolve
the index pro le of an actual Gen-3 ber, so we instead measure a preform cane (OD
910 m ; obtained towards the end of ber drawing process). Figure B1 (a) shows
the experimental measured index pro le of such a cane being scaled to 186 OD
by aligning the high index ring peak to the designed index pro le.

The simulated e ective index indicates a cuto wavelength of 930 nm for the
15t HOM group (OAM, TE o; and TMy;), and 660 nm for the next HOMs (EH; and
HE3;) [see Fig. 312 (a)], which gives us far enough spectral space for well guided
OAM modes in visible wavelength range.

The simulated ng¢ between the OAM modes and their adjacent modes is at
least 12 10* at the STED wavelengths (for example 776 nm) [see Fig.12 (b)].

We expect that it could lead to a more stable OAM propagation than that in the

Gen-1 bers [see Fig. 32 (b)]. It is important to note that for OD 125 m vortex
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Figure 3 12: Simulated results for the Gen-3 OD 125m ber: (a)
netr and (b) e ective index di erences as a function of wavelength.

ber, neys increases and reaches to its maximum at a shorter wavelength, and our
further simulations verify that the optimal wavelength (where ng¢ is maximal) blue-
shifts but remains above 108 as the actual physical dimension of the bers core/ring
structure decreases (i.e. smaller ODs). This is the reason why Figl3 (b) is rather
di erent from Fig. 3 2 (b), and it o ers us a convenient way to extend the stable OAM
propagation to cover the whole visible spectral range by simply scaling the ber OD
(down to approximately 105 110 m according to our simulations). Meanwhile,
the grating PMCs of this ber are shown in the Fig.313. The required pitch for
the OAM conversion is larger than 200m at STED wavelengths of interest, which
is accessible by UV and other grating fabrication techniques such as acousto-optic
tunable gratings (Kim et al., 1997). In fact, we will show in the next chapter that, for
the OD 125m vortex ber, with proper engineered acousto-optic gratings, it allows
real-time tuning for multiple STED wavelengths operations in this spectral range.
Another very important consideration in the designing process is the shape of the
fundamental mode HE; (to be used as the excitation beam in STED microscopy).
It is desired to have a Gaussian-like fundamental mode to achieve: (1) good mode

matching with the fundamental mode in a single mode ber (SMF) that the vortex
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ber will be spliced to, with minimal splicing loss; and (2) close to di raction limited

(e.g. good beam quality) excitation spot size for the confocal/STED imaging. We
therefore calculate the overlap integral between the fundamental mode of the vortex
bers at the excitation wavelength and an ideal Gaussian function, and obtain a

reasonable value of 93% [see Figl3 (b)] for OD 125m vortex ber.
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Figure 3 13: Grating PMCs for the 15t HOM group.

Low-index Polymer Coated Vortex ber Gen-3L The designed Gen-3 pro le
has been used to draw two types of vortex bers, one with high index polymer jacket
like regular bers, and one with low index polymer jacket (see Fig.34;n  1:37,
thickness of 28 m ) to form a multimode waveguide in the vortex ber cladding.

We refer the latter one as Gen-3L (L stands for low-index) ber henceforth.

Gen8B fiber

Lowindex
Regulajacket polymerjacket

Figure 3 14: Schematic of the Gen-3 vortex ber coated with a low-
index polymer jacket .

The numerical aperture (NA) of the multi-mode cladding is calculate to be 0:4.

It is meant to be used for collection of the uorescence or other types of backward-
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propagating signal and guide them to a detector to form images. More details about

Gen-3L bers can be found in Chapter 6, Sec. 6.4.

3.5 Summary

Vortex bers that support stable OAM modes are introduced in this chapter, espe-
cially in the context of ber STED microscopy applications. The requirements for
building a ber STED microscope working at visible spectral range are reviewed, and
the general design methodology of vortex bers are presented with both design and
fabrication challenges discussed. Speci cally, two generations of new vortex bers are
designed and fabricated, and the corresponding simulation results and part of the
experimental results on these bers are presented.

We show that by carefully tailoring the refractive index pro le of the ber, and
enhancing the e ective index di erence between OAM mode and its adjacent modes
(1 10 %), with newly designed Gen-3 vortex ber, we would be able to excite the
OAM mode and stably propagate it simultaneously with a Gaussian-like fundamental
mode, that can be used as the depletion and the excitation beams in STED, respec-
tively, across the whole visible spectral range. For completeness of the ber design
studies, we also provide a potential improvement on vortex ber design based on
the initial experiments on uorescence collection conducted using a variant of Gen-3

vortex ber whose jacket coating is made of low index polymer.
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Chapter 4

Higher Order Mode Conversion and
Excitation

In this chapter, we discuss the mode conversion (of the fundamental mode) and
excitation for higher order mode (HOM) in optical bers. In general there exist two
categories of methods of doing so: in- ber devices such as ber long period gratings
(LPGs), and free-space beam-shaping optics including phase plates or spatial light
modulators (SLMs).

Fiber LPGs are superior in their compact footprint, high e ciency, and low loss.
But they su er from a non-trivia process to develop a fabrication recipe for selective
mode conversion (especially for OAM modes) at desired wavelengths. On the other
hand, bulky free-space optics, though requiring precise alignment, can generate OAM
relatively quickly with a moderate insertion loss, in some cases, for rapid experiment
feedback and iteration. Both methods have been employed to generate the OAM in
vortex bers in this thesis.

We begin with the theoretical background on LPGs in the following sections, then
the fabrication and general characterization of LPG devices. An important device
often involved in the LPG device characterization and application downstream called
mode stripping taper is introduced in Sec. 4.1.4. The free-space OAM generation and

ber OAM excitation are discussed in Sec.4.2 and 4.3.
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4.1 Fiber Long Period Gratings (LPG)

Physically speaking, a LPG device is a piece of optical ber containing a periodic
index change in its guiding region along the ber axis (usually the ber core). When
a ber mode is incident into the grating, coupling into a speci ¢ propagating mode
can occur if the grating induced perturbation “constant' (see Sec.4.1.1 for detall) is
close to the sum or di erence between the propagation constants of the modes.

Index change
Optical fiber

Core I

/

Figure 4 1. Schematic of a LPG showing the index change with pe-
riod of , and the conversion of a fundamental mode LR; intto a
co-propagating higher order mode L mode.

There are various di erent methods to create this index modulation. For example,
it can be a UV-induced index increase in a photosensitive Ge-doped region of the ber
(the ber core for most standard bers consists of Ge-doped silica) (Hill et al., 1978)
or it can be microbend in the ber induced by mechanical stress (Youngquist et al.,
1984), electric arc discharge (Hwang et al., 1999) or acoustic waves (Kim et al., 1997).
A heuristic way to picture the e ect of microbend is that the optical path length is
di erent on the inside and outside of the bends, conformally mapping to a tilted index
change across the core cross-section. For this reason, microbend gratings are most
often used for conversions between the symmetric and asymmetric modes. Writing
LPGs with a focused CQ laser (Davis et al., 1998), or with a femotosecond laser
(Kondo et al., 1999) are also possible. Readers can nd more details in humerous
textbooks and papers [see for example (Kashyap, 1999; Hill & Meltz, 1997; Gattass
& Mazur, 2008; Wang, 2010; Othonos, 1997)].
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4.1.1 Coupled Mode Theory

Coupled mode theory (CMT) is a straightforward and intuitive model to study ber
gratings (Snyder, 1972; Yariv, 1973). It assumes that the index pro le of the per-
turbed ber, i.e. n(r), has a slight di erence to that of the unperturbed bern(r), and
both bers are treated with weakly guiding approximation (WGA), i.e.n  n ng.
Because the CMT in the context of optical bers was originally developed based
on the scalar Helmholtz equations of Eq. (2.6), all polarization e ects are usually
ignored.
When coupling occurs resonantly between two co-propagating modes, it can be

shown that near the resonant wavelength, the dependance of the transverse modal
amplitudes A and g (the ber is assumed to be non-absorbing so that the ampli-

tudes are real) satisfy the follow coupled mode equations (Erdogan, 1997):

2_52 i(+ A 8)RE@+IS (2) (4.1a)
‘;_3: i(+ a 8)S@+IR (2) (4.1b)

In these equations, R(z) and S(z) are related to the modal amplitudesy and g by

R(z)= A exp[i(a+ B )Z] (4.2a)

S(z2)= & expl i( A+ B+ )Z] (4.2b)

and the detuning parameter de nes the phase matching condition for LPGs:

= A B 2— (4.3)

where ; (i = A or B) is the propagation constant of the mode and is the period of

the grating. As indicated by its name, = 0 is associated to the maximal coupling,
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and the wavelength at which it happens is called the resonant wavelength of the
grating. The parameter ; (i = Aor B) and in Eg. (4.1) are called the DC and AC

coupling coe cients, respectively, given by:

Z Z
i = Ko=2nco (N* n% i dAsiber = 2dAriber (4.4a)
Afiber Afiber
Z Z
= ko=2n¢, (n2 n2) A g JAsiber = idAfiber (4.4b)
Afiber Afiber
whereko =2 = , and Asiper IS the cross-section of the perturbed region.

Solving the coupled mode equations of Eg. (4.1) reveals that the product of the
grating length L and the AC coupling coe cient determines the maximal strength
of the mode coupling. Eq. (4.4b) shows that is determined by the modal eld
overlap of the two coupled modes, and the index modulation depth n. Therefore,
in practice, the mode conversion e ciency can be tuned by varying the UV exposure
time or the grating length. Here, we discuss some important properties of ber LPG
devices.

Conversion e ciency LPGs are based on resonant phase matching de ned by
Eq. (4.3), and the coupling occurs at a speci ¢ wavelength,es set by ( (es) = 0,
therefore the grating period determines both the order of the HOM (dictating the
spatial properties of the beam) and the wavelength at which it occurs. It changes
both the spatial and spectral properties of a beam. In this sense, one can think of
LPGs as devices that perform aspatio-spectral Itering to the ber modes. Note
that the CMT is never limited to the interaction between the fundamental mode and
HOMs. In fact, if two modes in an optical ber have a non-zero overlap integral
de ned by Eq. (4.4b), by carefully choosing the grating period, grating length, and
strength of the perturbation one could achieve nearly 100% (e.g.-30 dB or 99.9%)

power conversion from one to another, with a typical insertion loss of less than 0.1
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dB.

Figure 42 shows the experimentally measured transmission spectrum of a LPG
written on an SMF 800 single mode ber. The resonance $-34 dB depth indicating
99.96% power conversion of the fundamental mode into the HOM which in this case

is a cladding guided mode.

Transmission (dB)
N =
o o

w
=)

900 920 940 960 980
Wavelength (nm)

Figure 4 2: A -34-dB grating shows strong mode conversion at the
resonance wavelength.

Bandwidth Control Another very important property of LPGs is that the band-
width over which an e cient mode conversion occurs. This is especially important
when ultrafast pulsed lasers are used for generating the depletion beam in STED.

The spectral bandwidth (20-dB) of a grating of length L, is approximated by (Ra-

machandran et al., 2002):

0:09:3_ 2 . 4.5)
It scales inversely with the group index di erence ng between the coupled modes,

and the grating length L. So it can be controlled experimentally by proper ber

designs. Specially, LPGs with the resonant wavelength close to theny = 0 point,

are known as turning around point (TAP) gratings. Bandwidth of TAP gratings



59

increases enormously compared to that of regular LPGs, i.e. 1 to 3 nm. Depending
on the application, typical bandwidth values for TAP gratings are in the 1 to 200 nm
range.

Figure 43 (a) shows the spectrum of a fabricated TAP LPG for another project
that is not included in this thesis, utilizing Bessel beam as the illumination source for
optical coherent tomography (OCT) because the non-di raction characteristic of the
Bessel beam helps achieving an isotropic lateral resolution over larger imaging depth
(Blatter et al., 2011; Lee & Rolland, 2008).

First of all, the grating was rst inscribed in an SMF-28 ber, and then the ber
cladding was etched with bu ered oxide etch (BOE) solution while the grating spec-
trum was constantly monitored. Since the cladding dimension changes the cladding
mode dispersion thus the phase matching curve, etching provides us a ne tuning
knob to obtain the desired bandwidth and wavelength. For example, we achieve a

bandwidth of 104 nm,(1270 1374 nm) for LPy.; to LPo.14 mode conversion with a

TAP grating.
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Figure 4 3: MeasuredLPy; modal power transmission spectra of:
(a) a TAP grating written on an SMF-28 ber for LPgo; ! LPg14
mode conversion; (b) a chirped grating written on a TrueWave ber for
LPo1! LPo7 mode conversion (data courtesy of J. Demas). The 20{
dB bandwidth values (corresponding to 99% conversion) are104 nm
and 15 nm for the TAP and chirped LPGs, respectively.
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An alternative to increasing the bandwidth is to implement chirped gratings in
which the grating period changes along the ber axis direction. The typical bandwidth
the chirped gratings is 1 to 20 nm. This approach is especially useful when the ber
design does not allow for engineering ofng, but a large bandwidth is still desired.
Fig. 4 3 (b) shows the measured spectrum for a chirped LPG.

The resonant nature of the mode conversion in LPGs means that di erential vari-
ations of e ective indexes of the modes involved will cause LPG resonance changes.
E ects of this include shifts of the resonant wavelength, and the mode conversion
e ciency etc. Such properties can be employed to use LPGs as transducers for sens-
ing temperature, stress, chemical contaminants, or anything that can perturb the
propagation constant of one or both of the coupled modes (Kersey et al., 1997). Due
to their compactness, low insertion loss, and low back-re ection, other applications
of LPGs include gain- attening lIters for erbium-doped ber ampli ers (Vengsarkar
et al.,, 1996a), band-rejection Iters (Vengsarkar et al., 1996b), sensors and optical

attenuators (Braiwish et al., 2004).

4.1.2 LPG Fabrication

LPGs are usually mm-cm scale in length, with Optical fiber

index perturbations of 16* to 103. As we men- /

NSNS

tioned in previous section, there are many ways
to introduce index perturbations. In this section,
we focus on two of them: microbend- or-bend-
gratings, and UV-inscribed gratings. Figure 4 4: Schematic of a mi-

Fabricating a microbend-LPG involves plac- crobend grating setup, and the
photo of the grating plate.
ing a piece of unstriped ber with jacket between
a rigid top plate with rubbers or soft materials attached on the surface and a grating

plate composed of aluminum with periodic micro-grooves machined surface. By press-
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ing the top plate against the grating plate (or the bottom plate), the ber is forced to
form microbend along its axis. Figure 4} shows the schematic of a microbend-LPG
setup, and the inset is the photo of the aluminum grating plate. Depending on the
period and the extent of the deformation, the resonant mode coupling can happen
between the symmetric and asymmetric modes in optics bers.

For UV inscribed gratings, the index of the photosensitive part of the ber (e.g.
Germanium doped core) increases after being exposed with intense UV light (see

Fig. 4 5)
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Figure 4 5. Measured index pro les of single mode ber with a Ge-
doped core (SMF-28, Corning, USA) before and after the UV exposure.
The index of the core increases after being exposed to an intense UV
laser beam. The amount of increase (in the range of 4@ 10?3) scales
with the UV photon ux before the photosensitivity of the ber reaches
the saturation.

The fabrication of UV-LPGs is a bit more complex. Fig.4 shows the setup
we used. A UV laser beam at 244 nm (Innova 300C MotoFreD, Coherent, USA)
followed by an electrical shutter, is expanded by a 20X beam expander, and then
focused sequentially by two cylindrical lenses with orthogonal focusing orientations

that are indicated on the top of them. The lens L1 (f=400 mm) focuses the beam in
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the transverse direction to the exact ber position. The full width of half maximum
(FWHM) of the focused spot is 12.4m veri ed by knife edge experiments. The
lens L2 (f= 500 mm) focuses the beam in the longitudinal direction to somewhere
on the left hand side of the ber to increase the photon ux through the ber core,
and to avoid ux turbulence caused by burning dusts before the beam arrives at the
ber. The ber is mounted on a programmable translation stage (ANT180{350{L,
AeroTech, USA) with resolution of 1 m . A custom-written LabVIEW program

is used to control the shutter and translation stage to perform a point-to-point UV
exposing to the ber. Note that the ber jacket needs to be removed by acid to
avoid any residue that may a ect the exposure dosage. The period of the grating
is controlled by the stage and shutter, and the strength is controlled by the time of
period when the shutter is ON (and the moving speed of the translation stage). The

typical period of an UV-LPG is about few hundred ofm s to mm, and the length is

few cms.
shutter
M1
Fiber/—\ L1 L2
® |
M2

20X beam

Cylindrical spander
\) lens pair €xpande

Motorized stage

Figure 4 6: Schematic of the UV-LPG fabrication setup. Inset picture
shows the simulated beam intensity pro le.

In order to increase the photosensitivity of Ge-doped bers, before the gratings are
made, the ber is loaded with hydrogen under 2700si for 72 hours, and immediately

transferred into a low temperature freezer (-80C) for long-term storage. After the
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grating is written, it is annealed in an oven preheated to around 15C for at least

8 hours. This process removes the residual, F$0 the ber can be fusion-spliced
for characterizations; otherwise the arc will cause sub-miniature explosion that will
deform the ber ends. The annealing also stabilizes the spectral response of the
grating at room temperature (e.g. 25 C). Oftentimes post-heating of the grating

at 300 400 C can be used to ne tune the strength of the conversion and the
resonant wavelength since it reduces the UV induced index change.

In addition to the fabrication of uniform grat- Uniform LPG
i

-
—, -

introducing asymmetric index perturbations (called %ned LPG

ings, the setup depicted in Fig. 4% is also capable of

tilted ber long period gratings or tLPG) that are re- 11111111
quired for mode conversion of the fundamental mode e
to asymmetric modes such as LR modes (Erdogan, Figure 4 7: Schematic of

an uniform (top) and a tilted
1997; Lee & Erdogan, 2000). These two types of grat(bottom) ber gratings.

ings are schematically shown in Figure 4. The desired tilted UV beam can be

.

o Fiber \T
T

\ VoL

L2

UV laser

Figure 4 8: Schematic showing a tilted cylindrical lens for titled ber
grating fabrication.

experimentally realized by rotating the cylindrical lens(es) as illustrated in Fig. 8.
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There are two options of doing so. First, intuitively, rotating lens L1 and L2 by by
1and , ( 1= »,) degrees respectively will tilt the beam (see inset picture of Fig.@)
correspondingly as if the ber instead is tilted by ;) degrees for asymmetric UV
exposure. This is, however, often challenging especially when the required tilting
angle for asymmetric gratings is large (approximately 1520 degree). Tilting both
lenses makes the beam alignment cumbersome. Moreover, tilting the lens L2 would
inevitably change the beam pro le in the vertical direction, and is potentially not
desirable to avoid introducing accidental chirp to the grating pro le.

Alternatively, it is possible to introduce titled beam pro le by only rotating one
lens|the front lens L1|by a small angle. Figure 4 9(b) shows a simulation result
of the beam pro le at the ber position. The simulation is done with the Matlab
implementation of beam propagation by solving Fresnel integrals with lens functions
included. There are several aspects of this con guration that are worth noting. First
of all, by rotating the front lens L1 by only 1 degree, the beam is e ectively rotated by

16 degrees, without altering the the beam intensity pro le in the vertical direction
much. This is bene cial in the sense that the beam alignment procedure involving
visually examining the diraction pattern of the ber along the vertical direction
now becomes relatively intact. Second, the beam width (FWHM) in this case is
signi cantly wider (by approximately 4 times) than non-tilted beam, or the tilted
beam by rotating both lenses [see Fig.94(a)]. So this beam at the ber position is
around 85 m in FWHM, which will be problematic if the grating period is close to
100 m or below. Fortunately, the Gen-3 vortex ber we work on requiress 200 m
grating period for OAM generation in the visible spectral range (see Fig.I38).

Compared with microbend gratings:

1. UV-LPG is of more of a compact and permanent solution. But it requires a

long annealing time before it can be characterized. This process signi cantly



65

@/} - (b)

A DN A O PR N A~

A O N B O RPN W N

-400 0 400 -400 0 400
Position ( Bn) Position ( An)

Figure 4 9: Simulated beam pro les with lens rotation conditions of:
(@ 1=1 and ,=1;and(b) ;=1 and ,=0

increases the time to develop a grating recipe.

2. UV-LPGs are capable of converting both symmetric and asymmetric modes,

but microbend-LPGs can only convert the latter ones.

3. UV-LPG can have much smaller grating period than the microbend-LPGs. The
smallest achievable period for UV-LPGs is, in principle, determined by the
FWHM of the focused UV beam, but the period of the microbend-LPG is
practically limited by the size of the ber. For periods smaller than the outer
diameter (OD) of the ber, the microbend deformation is simply not enough to

achieve strong mode conversions.

4.1.3 LPG Characterization

The setup we use in this thesis to characterize LPGs is shown in Figld
A 3-dB ber coupler is used to combine a broadband diode [e.g. a supercontinuum
laser (SuperK Compact, NKT Photonics, Demark)] and a narrow line laser source

[e.g, a CW tunable Ti:Sapphire (Ti:Sa) laser (S9300, Spectra Physics, USA)]. The
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Figure 4 10: Schematic of the LPG characterization setup.

former is for spectrum measurements of LPGs, and the latter is used to image the
HOM after a strong mode conversion is spectrally conrmed. A single mode ber
(SMF) pigtail with a ber in-line polarization controller (PolCon; FPC030, Thorlabs,
USA) is spliced to the ber coupler. The SMF is then spliced to the vortex with a
LPG inscribed in. The parameters for splicing the SMF and vortex ber are optimized
in terms of mitigating the multi-path interference (MPI) (Ramachandran, 2007) and
maximizing the throughput of the power in the fundamental mode. To ensure the
pure fundamental mode launching into the LPG, a mode stripping (MS) taper (see
Sec.4.1.4 for more details) is introduced to Iter out the HOMs mostly generated at
the splice point(s). The vortex ber with a LPG can be either spliced to another
SMF pigtail for spectrum measurements using an optical spectrum analyzer (OSA)
(AQ6370, Yokogawa, Japan), or cleaved for the mode imaging using a CMOS camera
(DCC1645C, Thorlabs, USA).

For the spectrum characterization, the transmission of the power in the fundamen-
tal mode is normally measured, and the mode conversion manifests itself as a drop
of power, in the spectrum which is usually called the resonance, and the depth of the
resonance indicates the strength of the mode conversion (see Fig.#r example).
For the mode imaging, the Ti:Sa laser is tuned to the resonant wavelength. This can

be done by monitoring the spectra of the LPG the laser simultaneously on the OSA.
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4.1.4 Mode Stripping Tapers

For the LPG characterization and the following sequential experiments including ber
higher order mode imaging, microscopy point spread functions (PSFs) characteriza-
tions and STED imaging, having a fundamental mode excited as purely as possible
in the ber under test (FUT) to begin with is crucial. This is because that to deliver
the light into the FUT with a LPG written in (e.g. vortex ber), an SMF is usually
fuse spliced to it, and depending on the mode mismatch between two bers, at the
splice point, some part of light power in the SMF will couple into the HOMs of the
vortex ber. Those HOMs could be core-guided, or cladding-guided. For the latter
case, they will usually be stripped out by the high index ber jackét In the case of
core guided HOMs, due to di erent propagation constants, as the higher order and
fundamental modes co-propagate in the core along the vortex ber, at the other end
of the vortex ber, they will accumulate a phase di erence. Such a phase di erence
will then form constructive and destructive interference in frequency domain, caus-
ing ripples in measured transmission spectrum. This interference is called multi-path
interference (MPI). In addition to the splices, other discrete mode couplings can also
exist along the ber, for example ber bends and kinks, ber gratings, or even MS
tapers can cause mode couplings. Figureld shows a typical transmission spectrum
of a vortex ber that is spliced to single mode ber pigtails on both ends.

A useful metric to quantify the MPI in optical bers is the mpi value. The

peak-to-peak value omtp of the fringes is related to the modal power partitions by

LIf low index polymer is used to coat the ber, like Gen-3L ber, stripping out cladding-guided
HOMs is not trivial at all. In fact, one can achieve pure fundamental mode launch almost only by
ensuring a good mode match at the excitation end simply because mode trippers are not available for
Gen-3L ber for that such cladding multimode waveguide is designed to guide the back-propagating
uorescence light from the samples.
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Figure 4 11: Example transmission spectrum of a vortex ber spliced
to an single mode ber.

(Ramachandran et al., 2003):

10920 1

) (4.6)

For example, fringes with aptp value of 1 dB in the transmission spectrum would
correspond to a -24.8 dBnpi, meaning that 99.67% of the power is in the dominant
mode and the rest in parasitic modes. The merit of gure to quantify the quality of
the MS tapers is thempi. The lowermpi, the better dominant excitation. More power

in the dominant mode essentially means that we have more power to be converted
into the desired higher order mode by the LPG, and leave less power in undesired
mode (for example TMy; mode that compromise the STED depletion e ciency).

Our goal is to mitigate the mpi as much as possible. This is also fused into
our ber design criteria. One of the design considerations of the vortex ber is to
have a Gaussian-like fundamental mode to match with the fundamental mode in the
SMF that is spliced. A good mode overlap or mode-matching is one of the necessary
conditions in order to get a pure fundamental mode launching. In order to get rid of
the HOM content excited by the splice, MS tapers are employed in the system.

We know theoretically that the cuto wavelength of the higher order mode de-
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Figure 4 12: Schematic of a ber taper showing the transition region
and the waist.

creases as the waveguide dimension decreases. Therefore, experimentally, we can
shrink the size of the FUT to a point where only the fundamental mode is core-
guided. This can be done by tapering the FUT. Figure 42 shows the schematic of

a ber taper with transition regions and the waist of the same length. Note that the
transition region of the taper has to be adiabatic to avoid additional mode couplings

(Snyder & Love, 1983).

Figure 4 13: In-champer camera images of electrodes (left) and the
plasma arc with an OD 80 m ber in the center (right). (Photo
courtesy of M. Grogan)

We use a plasma arc-based optical glass processing system (3SAE Technologies,
USA) to fabricate the tapers. The optical ber is mounted on two motorized trans-
lation stages that can be programmed to move. A separated set of electrodes (three)
surrounding the ber can move independently but also in a programmable manner.
Figure 413 shows a photo of the electrodes, and a photo of plasma arc taken during

the fabrication. An OD 80 m optical ber can also be seen in the middle of the arc.
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The ber is heated and melted to a certain extent in the heat zone formed by the
plasma arc. By carefully controlling the velocity pro les of the two stages and the
electrode assembly, and the power of the plasma arc, an adiabatic ber taper can be
made. For our studies, ber tapers consisting of two transition regions of 10 mm, and
a waist of 10 mm are used. After the tapers are made on the FUT, a transmission
spectrum can be measured to calculate thapi.

Two sizes of taper are used in our studies, i.e. OD 38 on Gen-1 vortex ber, and
OD 70m on Gen-3 vortex ber. The correspondingmpi values are experimentally
calculated to be lower than -30 dB, corresponding to< 0:1% of light power in
parasitic modes. This value has been experimentally veri ed to be su ciently small

for further experiments.

4.1.5 Acousto-optic Gratings

Besides microbend-induced and UV-inscribed LPGs, an alternative is to use acous-
tic wave to introduce long-period ber gratings, which are known to o er tunable
wavelength as well as high mode conversion e ciency (Kim et al., 1986). While
acousto-optic (AO) technology has been used extensively in the past for realizing
tunable band-rejection Iters (Kim et al., 1997), recently this approach has also been
used to generate optical ber OAM modes. Tuning such gratings, especially across
the visible spectral range (Song et al., 2017), of interest to a lot of microscopy appli-
cations including STED.

This section describes experiments in collaboration with Dr. Du-Ri Song, and Tao

He in our group, of making a tunable mode converter for ber STED microscopy

2The spectrum of the SuperK has about 0.5 dBptp noise-like power uctuation; therefore, ptp
values smaller than it cannot be distinguished from the spectrum. In order to characterize the MS
tapers, we usually make a microbend-LPG on the FUT, and read o the ptp from the bottom of
the resonance where the MPI becomes prominent (see Fig.& (b) for example). The actual mpi
associated to the MS tapers is equal to the sum of the resonance depth where tpgp value is read,
and the calculated mpi based on that ptp value.
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application. Dr. Song leads the project and both of them are involved in the experi-

mental apparatus build, grating fabrications and spectral characterizations.

Figure 4 14: The schematic diagram of experimental setup that uses
AO grating for OAM generation.

Figure 4 14 shows the schematic of an AO grating setup for OAM mode generation.
An AO LPG is created by an acoustic transducer comprising a thin lead zirconate
titanate (PZT) plate that is bounded with epoxy onto a glass horn. The vortex ber
(Gen-3, OD 125m ) is placed on the top of the horn tip. An inspection microscope is
used for the alignment. Two acoustic dampers then de ne the AO interaction length.
The vortex ber in the AO interaction region is etched to 40m with HF acid in
order to match the frequency of the PZT with that needed to excite the required
grating period in the ber (see Fig. 313 for grating phase matching curves), and also
to maximize acoustic power transfer from the PZT to the ber.

In our experiments, we are able to generate the OAM modes over a 200 nm
spectral range from 608 to 818 nm (see grating spectra in Fig. 18), with high
e ciency (> 90%), by tuning the acoustic frequency of the PZT from 4.73 to 7.74
MHz (corresponding grating period 253 212 m ). This wavelength range covers
larger than 85% of uorescent dyes that are usually used in STED (Hell, 2014), in

terms of providing the OAM as the depletion beam at proper wavelengths.
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Figure 4 15: 200 nm tunable acousto-optic grating spectra.

4.2 Liquid Crystal Based q-plates

4.2.1 Introduction to  qg-plates

As mentioned earlier, there are free-space approaches utilizing di ractive optics to
excite HOMs in optics bers. One example is to use a device known asygplate.
The g-plate was initially proposed based on a concept of Pancharatnam-Berry phase
(Marrucci et al., 2006b; Marrucci et al., 2006a), a phase that is determined only by
the geometry of polarization path of an electromagnetic wave undergoes, for exam-
ple, the trajectory of the initial and nal state on the surface of the Poincae sphere.
Consequently, if a beam is subjected to an inhomogeneous polarization transforma-
tion with distinct initial and nal polarization states, an additional inhomogeneous
geometry phase will be acquired by the beam. When such transformation is carefully
designed, a beam shaping device based on the Pancharatnam-Berry phase can be
realized (Bomzon et al., 2002).

The g-plate is essentially one of these Pancharathnam-Berry phase devices. It

consists of a slab of liquid crystal (LC) cells sandwiched by two pieces of transparent
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Figure 4 16: LC patterns of g-plates with (a) g=1; and (b) g=1/2. (c)
Photo image of ag=1/2-plate seen through a linear polarizer. Theg-
plate is illuminated by a polarized source (a white LED screen) from the
back side. The color variation indicates the inhomogeneous distribution
of the LC cells' fast-axis. Photo courtesy of P. Gregg.

conducting glass (e.g. indium tin oxide or ITO). It has a uniform birefringence-
induced phase retardation  across the LC slab, but an inhomogeneous orientation

of LC cells' fast-axis that is denoted by given by:
= (B')=9"+ o (4.7)

wherer and ' are the radial and azimuthal coordinatesq is called the topological
charge of theg-plate and could be an arbitrary real number (Slussarenko et al.,
2011), and ¢ is a constant and is usually set to zero. The topological charge number
g determines the rotating \rate" of the fast-axes. For exampleq = 1 implies that
the LC cells distributed along a full 2 azimuthal angle (for arbitrary r values) nish
a 2 rotation. Two typical LC patterns are shown in Fig. 416.

The Jones matrix describing the local behavior of g-plate with an overall phase

retardation is given by:

MC)=R() ¢ &0 R( ) (4.8)

where R( ) is a rotation matrix. Then, for a circularly polarized input ~# (+ and -
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signs represent left and right handed circular polarization, respectively) the normal-

ized output eld can be derived as:
e =M " =1+ )+ € e @I @o)

This implies that control of the input polarization of a conventional Gaussian
beam can yield a variety of OAM eigenmodes of free-space or of a ber (Gregg et al.,
2015b). The conversion e ciency of theg-plate is determined by the parameter
which is associated with the dispersive properties of the LCs, i.e. =2m (m 2 2Z)
yields a Gaussian beam, and =(2m+1) an OAM beam. Typically, can be

tuned by temperature, electric eld, or pressure.

4.2.2 Characterizing a g-plate

All tunable g-plates used in our experiments in this thesis are provided by Drs. A.
Rubano, E. Karimi, and L. Marrucci. During the course of writing this document, it
came to our knowledge that a static version aj-plate became commercially available
from Thorlabs. The initial characterization of g-plates described here applies to both
of them.

A fabricated g-plate can be characterized with the setup shown in Fig.%7. First
of all, a linearly polarized laser beam is converted by a quarter waveplate followed by
the g-plate under test which is AC biased by a function generator (sinusoidal signal;
f=1 kHz). From Eq.4.9, we know that the polarization of the converted beam (of
OAM mode) is orthogonal to that of the input beam, so a circular polarizer consisting
of a quarter waveplate (QW) followed by a polarizing beam splitter (PBS) can be used
to separate the converted (OAM beam) and unconverted (Gaussian beam) beams into

di erent output ports of the PBS where the optical power of two beams are measured.
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Figure 4 17: Schematic of setup for characterizing @-plate. QW:
quarter waveplate;q: g-plate under test; PBS: polarizing beam split-
ter. Polarization of beams at di erent locations in the beam path
are denoted with dashed lines. For example, a Gaussian beampef
polarization is converted to the left-circular polarization ~* by the rst
QW; after passing through theg-plate, part of the Gaussian beam is
converted to an OAM mode of #, and the unconverted part is still of
AT | that are then converted intos- and p-polarizations by the second
QW, and separated by the PBS, respectively.

The power conversion e ciency of theg-plate (at a particular bias voltage) can
be de ned by the normalized power (with respect to the incident power to the PBS)
of two PBS ports as converted = Ps-port =(Ps-port + Pp-port). By repeating the power
measurements at di erent bias voltages, a-plate conversion tuning curve can be
nally obtained, as shown in Fig.418.

The insertion loss of theg-plate measures 0.8dB at = 780 nm, and the number
can be improved by applying proper anti-re ection (AR) coating on both sides of the
ITO glass. In fact, for the static version ofg-plate with AR coating (WPV10L-780;
Vortex Half-Wave Retarders, Thorlabs, USA). At the designed operation wavelength
of 780 nm, we experimentally measured the insertion loss to k€.1dB. The OAM
mode purity of the static g-plate is, however, not as good as that of its tunable
counterpart.

Once the proper OAM mode is generated in free-space using-plate, they can be
coupled into the vortex ber with a single aspheric lens. The coupling loss is usually

between 1.7 to 2.1 dB.
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Figure 4 18: A typical conversion e ciency curve of ag-plate (q=1/2)
as a function of voltage bias value, at operation wavelength of 632 nm.
Data courtesy of A. Rubano.

4.3 Other Excitation Methods

Another free-space OAM generation or excitation method is to use spatial light mod-
ulators (SLMs). SLMs are programmable holograms, consisting of a layer of LC
material sandwiched by a layer of transparent electrode on the front side, and 2-D
arrays of electrodes on the back side. These electrodes can be individually addressed
to change the refractive index of the LC cells, by applying electric eld pixel by pixel.
The spatially varying refractive index therefore e ectively changes the local optical
path-length that the input light wave is going through, imposing a phase pattern to
it. With representative commercially available SLMs (for example the LCOS-SLM
series from Hamamatsu), near-arbitrary phase patterns can be imprinted on an in-
cident optical wave. SLMs are therefore widely used in beam shaping, aberration
corrections and pulse shaping etc.

A schematic diagram of the setup to excite the OAM mode in the vortex ber

can be seen in Fig.49. The STED laser beam (Gaussian beam) is incident onto the
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SLM with a “folk’ pattern (see inset image), i.e. combination of a spiral and a grating
patters, in the non-zero order di raction direction, an OAM beam is generated, and

then coupled into the vortex ber by an aspheric lens.

Figure 4 19: Schematic of experimental setup for using SLM to excite
OAM mode in the vortex ber. Inset: image of phase pattern displayed
on the SLM.

It is relatively convenient to generate the OAM beam using the SLM, and the
topological charge of the OAM beam can also be easily controlled. The insertion
loss, however, of the SLM is usually high especially in the visible spectral range.
For example, the SLM we tested (LCOS-SLM X10468-01, Hamamatsu, Japan) has
insertion loss of 1.57 dB, which is much higher than that of ber gratings as well as
g-plates. The coupling loss (into the vortex ber), on the other hand, is comparable
to that of a g-plate, indicating similar OAM mode quality. For STED application,
high intensity OAM beam is crucial for resolution improvement, so we decided not
to use the SLM as a means of OAM excitation and generation in vortex bers. For
the purpose of completeness, without going into details of mode characterization
techniqgues employed, thanpi for parasitic modes are measured to be-18 dB and
<-15 dB, for HE;; and combination of TE); and TMy; modes, respectively when
using SLM to excite OAM mode.

Other OAM mode excitation methods include using metasurfaces (Karimi et al.,
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2014; Yu & Capasso, 2014; Pu et al., 2015), hollow axicons (Bouchard et al., 2014),
micro-resonators angular gratings (Cai et al., 2012; Miao et al., 2016) etc. How-
ever, for lack of demonstrating practical application scenarios, the OAM beam purity

is often not of interest thus neither being seriously characterized nor discussed in

aforementioned reports.

4.4 Summary

In this chapter, we have discussed in detail two methods for OAM modes conversion
and excitation: (1) long period gratings (LPGs) for in- ber mode conversion; and
(2) liquid crystal basedg-plate for free-space OAM generation followed by coupling
into the vortex ber. Theoretical treatment of LPGs is discussed together with their
fundamental properties such as conversion e ciency and operation bandwidth. The
fabrication and generic characterization method of LPGs are described without in-
volving much quantitative details of corresponding experimental results, for example,
ber grating spectra, mode near- eld images, and corresponding analyses to extract
mode purity information etc., that will be covered in Chapter 5 and 6. The acousto-
optic grating technique with ultra-broadband tunability is presented, and we show
that over 200 nm tunable range can be readily achieved with use of a single AO
grating device that is driven at di erent RF frequencies.

The g-plate introduced in this chapter is the main free-space OAM generation
approach we utilize in this thesis. Having knowing its properties, we will shog-
plate experiments mainly in Chapter 6, including using it with vortex bers, and
using it alone to build a free-space STED illumination system. We have to emphasize
here that the polarization orthogonality between the converted (OAM) and uncon-
verted (Gaussian) beams (see EQ.4.9 as well as Fidg.7) allows for a polarization

multiplexing of the Gaussian-shaped excitation and OAM depletion beams to achieve
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the single-aperture or common-path propagation in free-space, at virtually arbitrary
wavelength pairs of interest in STED applications.

With higher order mode conversion and excitation discussed, in the next chap-
ter, we will described the mode characterization methods employed to quantitatively
evaluate the OAM purity which is critical for STED imaging (with reasons discussed

in Sec. 2.3.3).



80

Chapter 5

Mode Characterization

In this chapter, several mode characterization methods that are routinely used in this
thesis, and whose measurement results/values are frequently quoted in the next two
chapters (mostly Chap. 6), are introduced and discussed. These methods include the
spectral analysis of ber long period gratings (LPGs), mode stripping (MS) tapers,
and ber splices (Sec.5.1), and the analysis of near- eld image of a ber output

(Sec.5.2).

5.1 Spectrum Analysis

5.1.1 Multi-path Interference and Mode Purity

As briey introduced in Sec.4.1.4, multi-path interference (MPI) is caused by co-
propagation of multiple modes with distinct propagation constants in the ber. Con-
sider two modes propagating along the ber, i.e. power gEgj? in the dominant

mode, and power of ?jEj? in the parasitic mode, at the detection position, it can

be shown that the oscillatory of the output intensityl = jEj? is given by:

| = jEoi®+ ZjEoj*+2 jEoj’coy ) (5.1)

where is the phase di erence between the two modes involved, and it is related

to the propagation constants if we ignore the phase noise from the laser source (Ra-
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machandran et al., 2003):
2
= (L= — ner ()L (5.2)

where ne¢ () is the e ective index di erence between the two modes, and L is

the common path-length that two modes have co-propagated in the ber and is also
referred to as the interaction length. This equation indicates that the power of the

detected signal varies as a function of wavelength, due to the path-length di erence
term nes (). In order to nd out the explicit form of such a variation, we take the

derivative of with respectto ,

d d
_ = L_
d d
d 2
= Ld_ —  Neff
= L2—2 Neff d dneff (53)

where the term in parentheses is de ned as the group index di erenceny between the
two modes. From Eq. 5.3, it is straightforward to show that the wavelength spacing

for two successive constructive (or destructive) interference peaks (or bottoms) is
given by:

2

- ngL (5.4)

By measuring the transmission spectrum of the system over a broadband range,
the MPI can be quantitatively analyzed. We de ne a gure of merit for mode purity
as the power ratio of the dominant mode to the parasitic mode which in this case is
equal to 2. Itis shown that at a particular central frequency, the peak-to-peak value

(ptp in dB) of the power uctuation is corresponding to the mode purity 2 by:

10020

2 —

) (5.5)
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It is worth noticing that so far we have only considered the simplest possible case
where two modes and one interaction path are involved. In reality, multiple modes

and interaction paths can be found in the system.

Figure 5 1: Schematic of system describing the multi-path interference
caused by ber splices, the mode stripping taper, and the ber grating
in the system.

For example, Figure 51 shows a schematic diagram of a ber grating system we
studied. Discrete mode coupling events can happen at the ber splices, modes strip-
ping tapers, and ber gratings as described in the gure in which possible resultant
modes for each coupling event are also listed. Depending on the nature of these mode
couplings, two or more modes, and one or more interaction paths (denoted by num-
bers in circles in the gure) exist. This has complicated the transmission spectrum.
However, certain approximations can be made to simply the analysis. For instance, if
the power in one mode, or one path is signi cantly smaller than the others, we could
ignore its contribution in all MPI terms that involve that particular mode or path.
Experimentally, such MPI terms are usually not observable in the spectrum. Fig-
ure 52 shows a representative transmission spectrum of a system similar to the one
shown in Fig.51. Two example wavelength spacings ; and , indicate multiple
interaction lengths.

The interaction length L can be calculated from Eq. 5.4, providing that the group
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Figure 5 2: A representative transmission spectrum showing multiple
interference paths indicated by fringe spacings ; and .

index di erence ng is known. Understanding of the interaction length(s) will help
on determining where the mode coupling may have occurred in the system, thus
providing a tool for characterizing the quality of our in-line components such as

splices and mode stripping tapers etc.

5.1.2 MPI and Grating Spectra

The presence of MPI can sometimes severely a ect the grating spectrum characteri-
zation. The simplest example is that the interference fringes, especially those at the
bottom of a grating resonance, increase the uncertainty of identifying the resonance
wavelength, therefore, for applications where a tunable laser source is not available so
that the grating resonance has to match to a speci c laser wavelength, non-mitigated
MPI fringes will signi cantly slowed down the recipe development for grating fabrica-
tion. In addition, MPI could also cause potentially deceptive measurement of grating
conversion e ciency or resonance depth, even when the fringes are not prominent in
the o -resonance spectral range. We herein show an example of such a scenario.

Consider a grating sample (Gen-3 vortex ber; OD 125m ) S-1, with input and
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output pigtail of 1 m and 5 m', respectively. Figure 53(a) shows two spectra mea-

Figure 5 3: Grating spectra measured (a) without; and (b) with an
output mode stripping taper added.

sured with exactly same input polarization state optimized for the maximal resonance
depth. The blue trace is measured with the output ber pigtail coiled to loops of 10
cm diameter laid on an optical table, and the red trace shows spectrum after the
ber loops is simply ipped. In principle, the conversion e ciency does not depend
on ber layout at the downstream of the ber grating, so the perturbation after the
grating should not have a ected the resonance depth. However, a change of 9.3 dB
in resonance depth is observed.

This is because that the MPI fringes caused by two mode&l(and (2 in Fig.5 1,
i.e.the converted and unconverted modes) are not resolved in the spectra due to
the lone interaction length (several meters long output pigtail). Both phase and
polarization of these two modes are subject to change that can be easily caused by the
long piece of pigtail after the grating, therefore, slightly changing of the ber layout

(for example ipping the ber loops) may change the interference between them. So it

1Long pigtail ( few meters) is necessary for ber STED applications. Because splicing of vortex
bers will introduce mode coupling, so it is not practice to fabricate gratings in short pieces of vortex
ber and splice them to longer bers. Thus, we always write ber gratings on relatively long pieces
of vortex ber sample.
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is highly likely that in some cases, they form destructive interference at the resonance
wavelength such that the measured depth is much smaller than the actual value.
Such behavior is only observed in grating samples with long output pigtail, because
short samples simply do not have long enough ber to form di erential birefringence
between LR; and LP;; modes. In order to avoid this misleading measurement result,
we have to add an output MS taper to mitigate the MPI that cannot be observed
spectrally.

Figure 53(b) shows measurements performed with an output taper added to the
same ber sample S-1. Flipping the ber loops does not change the grating resonance
depth, which indicates the necessity of having MS tapers on both input and output

sides for accurately characterizing ber grating spectra.

5.1.3 Fourier Analysis of Transmission Spectra

Oftentimes, the interference spacings are not as evident as shown in Fig.5There-
fore, we have developed a Fourier transform-based spectral analysis method to quan-
titatively study the MPI fringes that will in turn help on characterizing multiple
components in our system. The basic idea is simple, i.e. taking the Fourier transform
of the transmission spectrum over a short spectral range, e.g. 5 or 10 nm depend-
ing on the desired resolution in the frequency domain (larger spectral range yields
poorer resolution), would reveal spectra of all frequency component (in terms of fringe
spacings), as well as all interaction path length.

To this end, rst of all, a simple experiment is conducted to determine the group
index di erence between the dominant and the parasitic modes which in most cases,
are the fundamental LRy; and the higher order LR; mode groups. Figure 5 (a)
shows the schematic of the experiment setup: a vortex ber (Gen-3) is spliced to single
mode bers and the transmission spectrum is measured using an optical spectrum

analyzer (OSA). Due to the simplicity of the system, the spectrum primarily show
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Figure 5 4: (a) Schematic diagram of setup used for determining ex-
perimentally the group index dierence. (b) Transmission spectrum
showing MPI with interference fringe spacing of 0.6 nm.

only one interference fringe spacing [see Figd%b)]. Having known the length L
between two splice points where most of mode couplings in the system occur, and the
experimentally measured interference fringe spacing = 0:6nm, from Eq.5.4, we
calculate the group index di erence ngq to be 0.002.

Next, spectra of a system consisting more components such as MS tapers, and
gratings can be analyzed using the experimentally measuredhy. For example, in
the following experiment, a vortex ber (Gen-3; OD 125m ) is spliced to single
mode ber pigtails at each end, and two MS tapers are made on the vortex ber [see
Fig.55(a)]. The transmission spectrum shown in Fig. 5(b) is Fourier transformed
to obtain the spectra of the fringe spacing [Fig.5(c)] and the interaction length

[Fig.55(d)]. The peaks shown in Fig. % (d) provide us rich information on possible

2|t is reasonable to assume that ng does not vary much in the spectral range over which the
Fourier transform is performed.
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locations where mode coupling may have occurred.

As one can imagine, by interrogating only one spectrum, it may not be su cient
to draw conclusion because the there exist multiple discrete interaction paths in the
system. One peak in the spectrum could correspond to multiple discrete paths or a
combined path of same/similar length. So sometimes the lengths of ber pieces in
Fig.5 5(a) need to be altered to obtain a set of interaction length “spectra’ to con rm
the mode coupling location.

Another important aspect of characterizing the MPI is the equipment resolution.
Proper resolution must be set to measure the spectrum. In order to revolve the
fringes de ned by Eg. 5.4, the resolution has to be at least two times smaller than
the smallest . Figure 56 illustrates how this requirement a ects the measurement.
The spectrum shows as a smooth and clean trace, indicating no signi cant MPI exists
when 0.05 nm resolution is used [Fig.6(a)]. However, when ner resolution of 0.02
nm is used, the MPI fringes with = 0:06nm [Fig. 5 6(d)] show up over the whole

spectral range.

5.1.4 Examples

In this section, we provide examples on using aforementioned method to assist the
characterization of MS taper(s) and LPGs in the system.

An e ective MS tapers are expected to lter as much HOMs caused by ber
splice(s) as possible before the mode is incident into the ber grating. In order to
achieve this, proper taper OD needs to be determined. The simulated e ective index
Ness Can be used to estimate an initial value. The exact diameter, however, must
be experimentally veri ed. Also, taper fabrication may easily yield quality variations
for samples between batches even when the same recipe is applied. Defective taper
while still being able to strip o most of HOMSs, can also create HOMs through either

non-ideal transitions or waist. Therefore, each fabricated taper must be characterized
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Figure 5 5: (a) Schematic diagram of setup. (b) Transmission spec-
trum of the system. (c) Fourier transform (5 nm bandwidth, centered
at 777.5 nm) of (b) showing the interference fringe spacing information.
(d) Calculated interaction length spectrum. The evident peaks in (d)
are marked by arrows.
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Figure 5 6: UV-LPG for OAM mode conversion measured with res-
olutions of: (a) and (b) 0.05 nm; (c) and (d) 0.02 nm. (b) and (d)
zoomed-in spectra within red boxes marked in (a) and (c), respectively.
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before using.

In this example, an OD 90m taper is made on a Gen-3 vortex ber of OD 125
m with an UV tilted LPG inscribed. The goal is to test if 90 m is small enough
for e cient HOMs ltering. The system schematic is same as the one described in
Fig.51, with L; =40cm, L, =28 cm, and L3 = 2:7m. Figure 57 shows the grating

spectrum.

Figure 5 7. Spectrum of a tilted UV grating inscribed in a Gen-3
vortex ber.

Similar to a regular interferometer, for MPI, when the power in one arm is signi -
cantly weaker than that in another arm, the interference patterns are less notable. In
the absence of tilted LPG or at the o -resonance wavelength range, the MPI fringes
are hard to observe and calculate. But those ripples become prominent at the bottom
of the grating resonance, primarily because the grating creates mode conversion and
balances the power in two arms (modes). Thptp value of the ripples is approxi-
mately 4.1 dB, corresponding tampi of -12.7 dBmpi (see Eg.5.5). So the nalmpi
is calculated to be 127 154 = 281 dB after taking account of grating resonance
depth where theptp is measured.

Without knowing the interaction length information, we are not able to conclude
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if the MPI is from the taper, or from the second spice point between the vortex ber
and the single mode ber. Closer examination of the MPI fringes reveals that the
wavelength space is 0.38 nm, corresponding to an interaction length of approximately
70 cm.

From Fig. 51, there are six paths leading to the nal detected signal. With the
constraint of calculated co-propagations distance of 70 cm, we readily narrow the
interaction down to between modes in path group(® and (2) and path group (5
and (®) because other combinations do not have the required common interaction
length. The interference could happen either betweef) and (5, or between( and
(®. Since there is no output mode stripping taper, it is not possible to decouple
these two pairs of interference terms. In either case, however, it is conclusive that the
90 m mode stripping taper doesnot e ectively removing all HOMs (mostly LP1;
group) generated by the input splice because of modé& and ® involved. From
above analysis, we can conclude that smaller diameter is needed.

Similar analysis is done with an OD 85n taper in a system withL,; = 48 cm,

L, =30cm, and L3z =5 m, Fig.5 8 shows the grating spectrum. From the zoomed-in
part of the spectrum, we observe the fringes with = 0:06nm (L3). This spacing
corresponds to the distance between the grating and the second splice, suggesting that
no HOMs propagates through the mode stripping taper (otherwise a = 0:38nm
fringes{corresponding to interactionL = L; + L,{ should be observable). Changing
the length of L, does not change the fringe spacing con rms that there is almost no
HOMs originated from the OD 80m taper. The taper fabrication recipe should be

used in follow-up experiments.
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Figure 5 8: Spectrum of a tilted UV grating inscribed in a Gen-
3 vortex ber. An OD 85 m mode stripping taper is made at the
upper stream of the grating. Inset gure shows the zoomed-in spectrum
marked by the grey box.

5.2 Imaging-based Analysis: Ring Method

Spectral analysis is a convenient way of characterizing the HOMs generated by means
of in- ber devices such as ber gratings. When performing such analyses, it is often
assumed that the targeting HOM can be more or less traced (in terms of mode order
and conversion wavelength) through numerically simulating grating phase matching
condition for the mode, so that we know what grating period to start with. However,
we may never be able to con rm whether we have aimed at the correct mode until the
mode is imaged and the characteristic intensity pattern (if any) is identi ed. In this
sense, an imaging-based mode characterization method is necessary for identi cation
of HOMs. Furthermore, in many cases, mode coupling mechanisms that compromise
the HOM purity may not be re ected in the transmission spectrum, or the spectrum
measurement may be not accessible, so measures other than the spectral analyzes are

required.
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On the other hand, for HOMs that are generated in free-space and then are cou-
pled into bers, the necessity of using imaging-based methods becomes more evident.
In fact, in the context of optical ber lasers, imaging-based beam analysis is an impor-
tant and active topic. There exist many imaging-based approaches to determine the
modal content of an optical ber output. One category of methods involves numerical
computation of modal-weight to resemble both the near- eld and/or far- eld images
of a ber output (Skorobogatiy et al., 2003; Shapira et al., 2005). These methods are
limited in several aspects: (1) the accuracy is fundamentally limited by the abundance
of a prior knowledge of guided modes of the ber under test; and (2) modal decom-
position algorithms tend to be slow, and powerful computation resource are usually
needed, especially when the number of ber modes increases. Alternatively, one could
utilize the interferometric approaches including: spatially and spectrally resolve®¢)
imaging that relies on spectral interference between di erent modes of the ber un-
der test (Nicholson et al., 2009), or time domain cross-correlate@€t) imaging that
resolves the interference between the ber modes and an external reference Gaussian
beam (Schimpf et al., 2011), or a faster version off@maging implemented in the fre-
quency domain {C 2), by sweeping a tunable laser source (Demas & Ramachandran,
2014).

In this section, we describe a primary imaging-based mode purity characterization
method called the Ring method that is an interferometric based imaging analysis
means to extract the modal-weight of a vortex ber output. It is mathematically
straightforward and can be implemented in real-time which only involves a single

lens imaging with help of proper polarization projections.

5.2.1 Introduction

Considering a vortex ber output consisting of OAM modes (dominant modes), T,

TM 1, and HE;; modes (parasitic modes), it is convenient to project the output into
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a circular polarization basis in the form of Eq. 2.10:

HEST" i HESY = Fy(r)” e

TEg:r i TMgi= Fy(n)™ e (2.10 revisited)

and the form of:

HEX, i HEY, = Fo(r)" (5.7)

where, again, * and  denote left and right circular polarizations. So the transverse

modal eld amplitude of the ber output can be written as follow:

"= RN+ xFi(r)e " + Fy(r)e’ (5.8)
where 11, »1, and 1 are modal eld amplitudes of the fundamental mode HE,
OAM mode, and the linear combination of Tk; and TMy; (the spin-orbit anti-aligned
OAM), respectively. The ~ and  components of the output can be spatially
decoupled by a circular polarizer and projected into two polarization bins on a camera.
The intensity of the output measured by the camera are as follows (the sign is
omitted since the intensity of two bins can be measure separately) (Bozinovic et al.,

2012):

/] j2
= pFo(r)+ 2Fi(r)é + 1Fi(r)e’ ;

=] bci®Fo(ro)®+2j 1j%Fo(ro)?cos +2j 2j?Fo(ro)?co2 (5.9)
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where
j pci?= wi+j o’ i (5.10)
j 0= ua (5.11)
j %= 1 (5.12)

are interference terms between OAM and parasitic modes. Two important assump-

tions are made to lead to the last equality in Eqg.5.9, and they are:

1. Dominant mode approximation It is assumed that most of the power is in
the OAM mode so that »; T and 11, so that the interference terms

11 7€ FoF1and 1 116 ' FoF, can both be ignored.

2. Mode eld approximation EQ.5.9 essentially gives the intensity prole at a
particular radial position ro where the fundamental mode and HOM have the
same eld amplitude value i.e. Fo(ro) = F1(ro). Simulation of Gen-3 vortex
ber shows that this radial position approximately corresponds to the ring peak.

Simple numerical compensation could be implemented for data post processing.

Realizing the azimuthal dependenceos and co® of the function given by Eq.5.9,

it is clear that Fourier decomposition of the ring intensity pro le will allow us to

obtain three Fourier series coe cientsj pcj?,j 1j%, andj »j? so we can solve three
equations for modal eld amplitudes 1;, »; and .

The mode purity or mpi can be obtained as:

ji?

mpi (dB) = 10log;oP —
1=11:21:7) ) 1)

(5.13)

The experimental apparatus to implement the Ring method is shown in Fig.%(a)
First of all, OAM mode(s) is presumably generated in the vortex ber by means of

either ber gratings (Chapter 4 Sec. 4.1), or free-space optics (Chapter 4 Sec. 4.2 and
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Figure 5 9: (a) Schematic setup of implementing Ring method. The
near- eld images of the vortex ber output are captured by a CMOS
camera after passing through a quarter waveplate (QW) followed by
a PBS (polarizing beam splitter) e ectively projecting the output into
two orthogonal circular polarization bins as shown in the inset image.
(b) Intensity pro le of one bin is Fourier decomposed to nd the Fourier
series coe cients. (c) Schematic diagram showing that Fourier coe -
cients are used to back calculate the modal weight or mode purity for
OAM modes, HE;, and the combination of TEy; and TMy; modes.

4.3), and the output is imaged on a CMOS camera (DCC1545M, Thorlabs, USA)
by an objective lens (M-20X, Newport, USA). A quarter waveplate (WPQO5M-780,
Thorlabs, USA) followed by a polarizing beam displacer (PBS; BD40, Thorlabs, USA)
are employed to separate the OAM and the OAM modes. Note that, in order to
observe the interference, narrow line laser source with long coherent lengthféw
meters) should be used. In our experiments, we routinely use an external cavity laser
(ECL; TLB 6700, NewFocus, USA) with linewidth of 200 kHz (corresponding to a

coherent length of 470 m at 7xx nm wavelength range), and the vortex ber sample
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is usually 3-5 m long. Then, ring intensity pro les are taken from the camera images
for Fourier analysis to extract three coe cients [Fig. 59(b)]. Finally, the mode purity

can be calculated based on the formalism developed above.

5.2.2 Remarks on Ring Method

Use of the Ring method to quantify mode purity is worth some discussions in this
section, to avoid drawing potentially “false' or inconclusive arguments based on the

mpi values it calculates.

Noise Floor of Ring Method

Di erent dominant mode of interest could lead to di erent forms of equations of
Eq.5.10, allowing us to adapt the algorithm for mode purity analysis. The numerical
calculation based on intensity pro le imposes an intrinsic background or noise oor
onto the mode purity measurement. This can be experimentally examined.

We image the output of an SMF, a pure HE; mode. By adjusting the Ring
analysis algorithm, we calculate thempi for the imaginary “parasitic’' modes. Even
though we know deterministically that the output is a pure HE; mode, the Ring
algorithm is still able to give about -32.8 dBmpi for parasitic modes. This nhumber
shall provide an estimation of the noise oor of our Ring method, and be considered

as the lowest possiblenpi result that the Ring method can resolve.

E ect of Interference Fringes Caused by Camera Coverslip

Carefully examining the mode images shown in Fig.% one would nd the presence
of some interference fringes imposed on the mode intensity patterns [see Figj0fa)].
These fringes are caused by a glass coverslip (1 mm thick) attached at the front ange
of the CMOS sensor that cannot be easily removed without damaging the sensor.

When the beam of a laser with coherent length longer than 1 mm is incident onto the
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camera at a slight angle, interference fringes will form due to re ections from the front
and back surfaces of the glass. These fringes inevitably create an e ective azimuthal
intensity variation that could potentially contribute to the spatial frequency analysis
we would perform on the image. So the e ect of such intensity variation on the Ring
measurement must be evaluated.

Typical fringes on our cameras have visibility of around 0.03. We therefore nu-
merically generate fringes with visibility from 0.003 up to 0.3 [see Fig.B)(b)] and
add them to a pure simulated OAM mode image, and use the Ring code to analyze
the mode purity. In the simulation we also change the fringe frequency to emulate
the change of image size. Figure B)(c) summarizes the simulation results with
similar visibility as experimental images have. The experimental measured mode
images have fringes that correspond to a normalized fringe frequency of 22 used
in the simulation. Based on the results we can draw several conclusions as follows:
(1) The interference fringes have similar e ect on calculated purity values for both
TEo;+TM o; modes and HE; mode. The falsempi for these modes are normally well
below -35 dB except for occasional spikes in the TEHTM o, trace; (2) the spikes
(at around -30 dB level) in the TEy;+TM (; trace seem to happen more often when
the fringe frequency is high, suggesting that larger mode image might be bene cial
to the mpi measurement; (3) considering the "noise oor' of -32.8 dB that we have
characterized previously, the e ect of fringes ompi measurement using Ring method

is nearly negligible.
Limitations and the Extinction Ratio Method

Besides the "noise oor' discussed above, the Ring method is limited in the following

ways:

1. Narrow linewidth laser source must be used for mode imaging. For operation

wavelengths where we do not have a narrow linewidth laser source, the Ring
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Figure 5 10: (a) Experimental measured; and (b) simulated (right)
near- eld image of an OAM mode. Interference fringes are evident
in the experimental image. (c) Measured MPI results of a series of
simulated images with fringes of di erent frequencies.

method cannot be used.
2. The dominant mode approximation must be satis ed.

3. The Ring method cannot be used to measure thrapi of HE;; mode of an AO
grating output because the converted HOMs (e.g. OAM modes) are frequency
shifted with respect to the fundamental mode so interference occurs in a much
faster time scale than the response time of the experimental hardware used in

our experiment.

Therefore, other auxiliary characterization methods are bene cial even if they may
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only provide moderate accuracy.

Having realized that the central intensity of the near- eld image of the vortex
ber output comes only from the fundamental HE; mode, we are hopeful to develop
such a method by which we could extract the HE modal power information.

To this end, we de ne the extinction ratio (ER) as the ratio of the intensity
of the OAM mode ring peak to that of the center. In order to have soma prior
knowledge on this metric. We simulate ber outputs with di erent HE;; and OAM
modal power ratios: their modal elds are rstly normalized to have equal amount of
power, and then the HE; eld is scaled correspondingly to emulate di erent modal
power (in dB) with respect to the OAM mode. Intensity pro les of the two modes
are then added incoherently to generate the ER values for di erent modal power ratio
conditions. Figure 511 (a) (blue trace) shows the correlation between the simulated
ER and the modal power partition. We nd a good linear relationship between these
two quantities.

In order to test if this correlation can actually be used to infer the HE; mode
power, we consider a vortex ber in which a tilted LPG is fabricated for the OAM
mode conversion, and whose output near- eld images at di erent wavelengths are
shown in Fig.511 (b). From the grating spectrum, we can obtain the modal power
partition (i.e. grating depth measured in dB unit) information, and from the images,
we can measure the ER, which allows us to plot the experimentally measured data
in Fig.5 11 (a) as scatters. Surprisingly, we nd this simple metric works reasonably
well to follow the simulated curve.

Further, we characterize the output mode images using the Ring method, and the
mode purity results are plotted in Fig. 512 con rming the correlation to some extend.
Note that the Ring method is not able to work correctly when the grating conversion

e ciency is only -3 dB, presumably because the dominant mode approximation breaks
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Figure 5 11: (a)Near- eld images of the vortex ber output at di er-
ent wavelengths. (b) Experimental measured and simulated extinction
ratio as a function of modal power partition.

down.

Figure 5 12: MPI results of the four mode images measured by Ring
method.

The data are summarized in Table 5.1.
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Table 5.1: Experimental measured extinction ratio between the OAM
mode center and peak at di erent wavelengths and corresponding grat-
ing resonance depth.

Wavelength (nm) Measured ER (dB) Grating depth (dB) Ringmpi (-dB)

779.00 11.0 14 12.8
778.58 9.2 10 10.9
777.02 2.8 6 4.9
776.35 0.76 3 9.7

5.3 Other Characterization Methods

Besides the spectral- and imaging-based methods discussed in previous sections, other
means of characterizing the vortex ber output exist. One example is using the time
of ight spectrum to quantify the modal weight. When a pulse is propagating in a few
mode ber under test, due to the distinct group index di erence between multiple
guided modes, the power that are in di erent modes, will be detected at di erent
points of time determined by = ngL=c, where L is the ber length, nq is the
group index of the mode, anct is the speed of light in free-space. Sampling multiple
pulses to reproduce the time of ight spectrum for pulses in each mode will yield the
information about the modal weights. Time-of- ight method requires a pulsed laser
source, a fast detector, and a sampling oscilloscope. Once the system is set up, it
can provide virtually real-time mode purity measurement. For more technical details
about using this method for OAM characterization in vortex bers, please refer to
reference (Gregg, 2017).

Alternatively, in principle, a tilted ber Bragg grating could be used to interact
di erentially with multiple guided modes propagating in a few mode ber, in anal-
ogy to optical channel monitors (OCM) that were developed to monitor the power
of di erent wavelength channels (Wagener et al., 1997) in communications systems.

Depending on the Bragg grating period and tilt angle, guided modes in the ber
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couple di erentially to radiation modes propagating at distinct angles relative to the
ber axis, as well as forming di erent radiation pattern in far- eld (Yang et al., 2005;
Yan et al., 2015a). These radiation pattern can then be spatially separated and de-
tected either at the ber surface by point detector, or coupled to a free-space imaging
system, to provide real-time, single-shot modal weight measurement. However, it
has the disadvantages of needing prior knowledge of guided modes, and of being
experimentally complicated to analyze the full radiation patterns for more accurate
modal weight information.

The discussion here is by no mean comprehensive but illustrative. While many
means of characterizing the HOMs exist, one must carefully choose one over another
depending on the speci c application scenario. Special attentions should be paid
understanding the limitations of each method to avoid yielding potential inconclusive

results.

5.4 Summary

In this chapter, we have discussed di erent mode purity characterization methods.
In particular, transmission spectral analyses for grating characterization, fabricated
components quality control, system troubleshooting in terms of locating the places
where mode coupling occurs are discussed with examples provided. An interferometric
based approach, the Ring method is introduced. The theoretical background of the
algorithm is presented, and several important properties including the noise oor and
the e ect of interference fringes caused by the camera glass coverslip, limitations of the
method are discussed in detail. An auxiliary method is also developed for measuring
the power in the fundamental mode, which is suitable for mode purity measurement
using incoherent light source, and for AO grating characterization.

Having known both the mode conversion/excitation schemes developed in Chapter
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4and the characterization methods presented in this chapter (Chap. 5), we will enter
into the main experimental works of this thesis. The readers should note that many
of the concepts, theories, experiment apparatus, and measurement results we have

described so far may be frequently revisited in next chapter, but with details omitted.
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Chapter 6

Vortex Fiber-based STED Microscopy

In previous chapters, we have understood that optical ber modes | Gaussian-shaped
fundamental mode, and donut-shaped OAM modes in particular | can be in principle
employed as the excitation, and the depletion or STED beams in STED microscopy,
respectively (Chap.1). We have mathematically studied the OAM mode in conven-
tional step index bers which we then have shown do not support stable OAM modes
thus not applicable for constructing ber-based STED systems (Chap. 2). We intro-
duced a new class of bers (Chap. 3 in which stable OAM modes are expected to be
generated or excited, and to propagate with high purity.

In this chapter, we present experiments of generating desired OAM modes in fab-
ricated vortex bers, using various conversion or excitation methods introduced in
Chapter 4. In addition, we show that the excited OAM modes are of high purity, sta-
ble, and resistant to perturbations (characterized by methods developed in Chap. 5),

and can be used to construct a ber-based STED microscopy system.

6.1 Vortex Fiber STED with Microbend Gratings

6.1.1 Fiber Grating Development

As mentioned in Chapter 3 Sec. 3.1, the Gen-1 vortex ber aims to deliver the co-
propagation of the Gaussian-like excitation beam at.=650 nm and donut-shaped
STED beam at step =750 nm. The microbend long period gratings (-LPGs) (see
Chapter 4 Sec.4.1.2) are used to create the STED beam in this ber.
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In order to accurately characterize the grating spectrum, and ensure a pure fun-

damental mode excitation, two mode stripping (MS) tapers (OD of 30n ) are made

on the ends of a 3 meters long OD 80 m vortex ber. Transmission spectrum
measurements (see Fig.B) show that the peak-to-peak ptp) value of the multi-
path interference (MPI) fringes drops from 1.3 dB to 0.3 dB which is close to the
noise-like spectral feature coming from the superluminescence diode (QSDM-790-2,
QPhotonics, USA) we used. This corresponds tmpi mitigation from -22.5 dB to
-35.3 dB. With the help of grating fabricated on the vortex ber sample, we further
measures theampi to be -37.3 -40.8 dB'. From the MPI fringe spacing and the ber

Figure 6 1: Transmission spectra of vortex bers with and without
the OD 30 m mode tripping taper.

length, we calculate the group index dierence ny = 1:76 10 3. By varying the
position of the -LPG with respect to the two splice points, di erent MPI fringes
can be measured to evaluate the quality of the OD 3@n taper. The experimental
results (not shown here) reveal that for di erent positions, the calculated interaction

length always corresponds to the distance between theLPG and the output splicing

1We observeptp of 1 1.5 dB (mpi of -24.8 -21.3 dB) at the bottom of a -16 dB grating resonance.
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point, suggesting the MS taper works as expected, i.e. stripping out Lfmodes, and
not introducing them. The splicing between the vortex ber and single mode ber
SMF-630 pigtail is optimized, and the loss measures 0.4 dB.

The grating spectrum is measured using the setup described in Chapter 4 Sec. 4.1.3
(see Fig. 410). The grating period is 977m , close to the value predicted by the LPG
PMCs of the Gen-1 ber [depicted in Fig. 32 (d)], and 18 mm in length. A strain
gauge is used to measure the pressure applied on the grating region, and the spectrum
can be real-time monitored on an OSA. We gradually increase the pressure until a
strong resonance for OAM mode conversion at 750 nm is observed (e.g. marked by
the red arrow in Fig. 62 (a)). The resonance depth for this particular device (ID:
OAM-0OD50-D-#1) in this study is measured to be about -28.3 dB, corresponding to
a 99.85% OAM conversion. We note that at 650 nm (marked by the green arrow),
no mode conversion occurs.

These observations are further con rmed by near- eld mode imaging of ber
modes at these two wavelengths. After the strong mode conversion has been spec-
trally con rmed, a CW Ti:Sa laser (3900S, Spectra-Physics, USA) is tuned to 750
nm to match the resonant wavelength. The inset of Fig. & (a) shows the overlapped
spectra of the grating and Ti:Sa laser (the narrow line peak). A monochromator
(AQ6315-B, Ando, Japan) is used to Iter the SuperK light to get the narrow line
source at 650 nm with FWHM bandwidth of 3 nm for the mode imaging. In addition,
based on the simulation results discussed before (see Fi@)3the output of the OD
80 m beristapered down to 50 m in diameter (see discussion in Chapter 3 Sec. 3.1
or Fig. 3 3 for reasoning), and then cleaved for the near- eld mode imaging.

The measure near- eld images at 656m and 750nm are shown in Fig. 62 (b)
and (c), respectively. Central line-cut pro les of these two modes (blue solid lines)

are compared with their simulated counterparts (red solid lines), and are plotted in
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Figure 6 2: (a) Grating spectrum of microbend-LPG sample OAM-
OD50-D-#1. Inset: Zoomed-in spectrum that is overlapped with a
Ti:Sa laser line at step =750 nm. (b) Near- eld image of the funda-
mental mode at =650 nm. (c) Near- led images of the OAM mode
at step =750 nm, and the interference pattern of it with a reference
expanded Gaussian beam. (d, e) Comparisons of central line-cut pro-
les of the simulated and measured: (d) OAM; and (e) fundamental
modes.
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Fig.62 (d, e). As expected, they show a good consistency between the simulation
and experiment. However, by only examining the modahtensity pro le does not
necessarily tell us if it is an OAM mode or not. In fact, it is the phase ternexp(il )
that determines its designation (Allen et al., 1992), and this phase can only be inter-
rogated via interference experiments. To this end, we interfere the beam at 750 nm
with a slightly de-focused Gaussian beam. The interference would generate a spiral
pattern only if the rst beam possess a helical phase front. FigureZ(c), therefore,
con rmed that the mode is indeed an OAM mode, a beam that is required in STED
microscopy. Note that although the spiral interference pattern is straightforward and
intuitive, it provide no quantitative information on the OAM mode purity, and of-
tentimes could be deceptive. Some educational experiments we have done in our lab,
do show that clear and impressive spiral pattern can be generated by a simpli ed

-LPG device where the MPI is not mitigated and the conversion e ciency of the
OAM mode(s) could be very well below than 10 dB, which is not acceptable for our
applications.

Ring method introduced in Chapter 5 Sec. 5.2 is employed to characterize the ber
output. We show that mpi for this device (ID: OAM-OD50-D-#1) is as low as -21
dB for TEg;+TM o1 and -19 dB for HE;; modes.

In order to obtain a realistic measure of this performance, we use a home-built
confocal laser scanning microscopy setup to characterize the point spread functions

(PSFs) of these beams.

6.1.2 Vortex Fiber-based Microscope Buildup

Our setup for the PSF characterization of these beams is shown in Fig3g§Yan et al.,
2013).
Light beams from a supercontinuum laser (WL-SC-400-2, Fianium, UK; pulsed;

spectrally Itered to get ¢=650 nm with FWHM=5 nm, for excitation) and a Ti:Sa
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Figure 6 3: Schematic of the PSF characterization setup.BS: beam
splitter

laser (Tsunami, Spectra-Physics, USA; running in CW mode,stgp = 750 nm, for
STED) are combined with a dichroic mirror and coupled into a single mode ber
(SMF; 630HP, OFS Fitel, USA) with a ber in-line polarization controller (Pol-
Con; FPCO030, Thorlabs, USA). This ber is spliced to a Gen-1 vortex ber. A
microbend-LPG (ID: OAM-OD50-D-#1) is utilized to convert the incoming light at

step =750 nm into the desired OAM mode with > 99.:8% e ciency (spectral re-
sponse shown in Fig. @ (a)). We emphasize here that the OAM beam we create is
spin-orbit aligned that is required for STED imaging (see Sec. 2.3 for more details).
The vortex ber output is tapered to an OD of 50 m to yield a Gaussian-shaped
excitation beam.

The output of the ber is collimated by an achromatic lens and focused onto the
sample plane by a high NA objective lens (UPlanApo, 60X/1.20W, Olympus, Japan).
We measure the PSF of the excitation and depletion beams by scanning (NanoMax-
TS, Thorlabs, USA) a sample of gold beads (Au nanoparticle, 150n in diameter,
Cytodiagnostics, Canada) mounted on a standard microscope coverslip using Glycerol
(see App. B for protocols). The scattered light from the gold nanoparticle is collected
by a multimode ber (MMF; M50L02S-A, Thorlabs, USA) that also acts as a confocal

pinhole (although confocal is in principle not required in STED), and is detected by an
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avalanche photodiode single photon counting module (APD; SPCM-AQR-15, Perkin
Elmer, USA). The microscopy system is controlled by a data acquisition (DAQ) PC
card (PCle 6353, National Instruments, USA) through a custom-made LabVIEW
program.

For PSF measurements, the APD #1 is used with a beam splitter (BS) placed
between the high NA objective lens and the vortex ber output. For uorescence
imaging experiments, there exist two ways of collecting the uorescence from the
sample. The rst one is to replace the beam splitter with a dichroic mirror, and
direct the uorescence to the detector before it propagates back into the vortex ber.
Alternatively, one can choose to let the uorescence light signal propagate back into
the vortex ber and separate it from the excitation and STED beam at the input of
the vortex ber through a second dichroic mirror. In this way, the uorescence can be
detected by APD#2. Note that the uorescence we expect is at around 680-710 nm
spectral range where no mode conversion occurs for thdPG. Therefore, it stays
in the fundamental mode and can continue propagating through the grating as well
as the MS taper?.

The measured PSF for the excitation and STED beams are shown in Fig4@).
Note that the two beams are spatially aligned, which is expected since they are
emitted from a common ber aperture. This feature of our ber-based approach
addresses one of the main challenges | the co-alignment of two separated beams |
of current STED microscopy systems. The FWHM size of the dark center portion of
the donut beam is 198 nm, and the Gaussian beam size is 360 nm that are comparable

to those obtained in free-space STED systems.

2This is an advantage of using the ber core for uorescence detection, but it is a disadvantage
at the same time. As we will see in Sec. 6.4, the e ciency of collecting uorescence through the ber
core is mush lower than through the cladding, however, the need of MS stripping taper prohibits
it from propagating the uorescence in the cladding all the way back through the vortex ber and
detecting it. Therefore, in order to use the ber cladding for uorescence detection, MS tapers can
not be used, which imposes an engineering challenge on the OAM excitation in the vortex ber.
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Figure 6 4: (a) Measured PSFs of the STED and excitation (Exc.)
beams on the lateral (top) and the axial (bottom) planes; (b) The line-
cut pro les along the white dashed line in (a), show a 198 nm donut hole
and a 360 nm Gaussian spot (in FWHM); (c) The simulated e ective
(E.) PSF, and the corresponding line pro le along the center. Scale
bars: 500nm.

To have an estimated performance of our ber STED system, given the intensity
pro les in Fig. 6 4(b), we calculate the e ective PSF of our STED system for a uores-
cence sample. The lateral resolution is given by (r) = he(r)expf In(2)lstep (r)
=ls)g, where theh(r) is the excitation PSF andl ¢ is the saturation intensity (Harke
et al., 2008). If we choose the commonly used dye ATTO647N; [= 15 MW=cm?
(Westphal et al., 2008)] for the purpose of our calculations, and limit the CW STED
beam power to 3W, to remain below the reported photobleaching threshold for this
dye (Kasper et al., 2010), we obtain simulated e ective PSF shown in Fig.%6(c), in-
dicating a transverse spot size of sub-3tim that could be attained with a ber-based
STED microscope.

To sum up, we have demonstrated the rst, to the best of our knowledge, proof of
concept of a ber-based STED microscopy illumination system, based on the vortex

ber uniquely enables co-propagation of the excitation and STED beams.
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6.1.3 STED Imaging Experiments

With the ber STED illumination system we have build based on the Gen-1 vortex
ber, we present STED imaging experiments. The experimental setup is similar as
shown in Fig.63. The pulsed excitation laser is used to trigger a time-correlated
single photon counting card (TCSPC; TimeHarp 260, PicoQuan, Germany) to gate
the uorescence photon in time domain(Mo tt et al., 2011; Vicidomini et al., 2011).
A schematic timing diagram is
shown in Fig. 65: upon each ex-
citation pulse arrives at sample,
a time delay of T, ranging from Figure 6 5: Schematic of time gating detection.
100ps up to 2-3ns is applied, followed by the actual detection window lasting about
10 ns or so. This is because the uorophore residing in the donut region of the de-
pletion beam has shorter e ective lifetime comparing with those at the center where
the intensity is extremely low due to the presence of stimulated emission (decay) pro-
cess, so rejecting these 'early photons' helps to select uorescence photons emitted
by uorophres with long-lived excited state located at the proximity of the close-to-
zero-intensity point. Moreover, signal after the time window § mainly consists of
background uorescence induced by the STED laser since it is beyond the lifetime of
typical dyes.

Therefore, time gating allows for resolution improvement at lower CW STED
power, and also helps eliminating unwanted noise. The readers should also note,
however, time gating detection also rejects the desired photons emitted from the
center of the depletion beam during the gating window d, which may be compensated
by longer acquisition time to increase the signal to noise ratio.

The imaging experiments described in this section are divided into two categories.

The rstone is called thehalf ber-STED where we use the Gen-1 vortex ber to gen-
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erate the depletion beam and overlap it with the excitation beam generated from an
SMF, and the uorescence signal is detected through a dichroic mirror placed between
the sample and the vortex ber output. The second is thdull ber-STED, meaning

that we generate the excitation and depletion beams, and collect the uorescence

light via the same vortex ber.

Half ber-STED system

In order to test the performance of the depletion beam generated from the Gen-1
vortex ber, we combined it with an Gaussian excitation beam from an SMF to
perform STED imaging eperiments.

The beam splitter in Fig. 63 mounted on a ip mount allows for PSF measurement
using gold bead samples to optimizing the grating parameters (to generate an OAM
mode with high purity). Once a good depletion PSF is obtained (e.g. Fig.®, we
ip down the beam splitter, and use a dichroic mirror to direct the uorescence light
from the sample to the detector APD #1. The commercial available uorescent beads
of 20 nm in diameter (Dark red 660/680 uoSpheres, Molecular Probes, USA) are
used as the test objects. The nano-beads are diluted 1:100 inCHand sonicated
for 5 mins. A drop of the solution is applied on a regular microscope coverslip to
allow it to air dry. The patrticles are then mounted on the coverslip with 90% glycerol
solution, and the coverslip is sealed with clear nail-polish. These uorescent beads
have absorption and emission cross-sections peaked at 660 and 680 nm, respectively.

The beads sample is then imaged with our STED microscopy system. The de-
pletion laser (Ti:Sa) is running in the CW mode. The output power is measured to
be 1.1 W with 10 W pump, and the power at the back aperture of the objective is
measured to be 360 mW. Considering the transmittance 85%) of the objective and
the loss caused by slightly over lling the back aperture (<10%), the power at the

sample plane is expected to be 275 mW at most. A typical pixel dwell time of 0.16
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ms is used for the imaging accusation and the images are shown in Fig 6

Figure 6 6: Images of dark red uorescent beads of 2m in diameter.
Raw data of (a) confocal and (b) subsequential recorded STED images.
(c) Line-cuts pro les of the bead along the arrows in (a) and (b) show
an improved resolution of 92nm. Scale bar: 1 m

The confocal image of a single bead has FWHM of 372 nm, and it decreases to 92
nm after the STED beam is turned ON. The detection time delay for gated STED
imaging is 1.5ns. Further increasingTy is not applicable since the number of photons
becomes too few to form the image with reasonable contrast or signal to noise ratio.
The line-cut pro les in Fig. 6 6 have shown that a resolution improvement of 4-fold
is attained in our half ber-STED system.

The feasibility to image biological samples is tested, but imperceptible improve-

ment is observed (see Appx. E for details).

Full ber-STED system

Next, we test the uorescence collection through the vortex ber. We rst note that
in the uorescence wavelength range, i.e. 690 15 nm, no mode conversion occurs
in the Gen-1 ber [see Fig.62(a)]. This is important because the vortex ber is
spliced to an SMF to couple the excitation and STED laser into it, and downstream

the splice point there is a MS taper to Iter out HOM contents to ensure a pure
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fundamental mode launching towards the grating (see Fig.#0 and Fig. 63). The
back-propagating uorescence light from the sample will be coupled into both the
fundamental and higher order modes of the vortex ber at the output of the ber.
For the signal in the higher order modes part, the cladding-guided modes will be
stripped out by the ber jacket, and the core-guided modes will be stripped o by
the MS taper. None of them will be detected. For the signal in the fundamental
mode, if any mode conversion occurs at this wavelength range, then the uorescence
will be converted into some HOMs and then ltered out by the MS taper, thus no

signal would arrive at the detector.

Figure 6 7: Images of the dark red uorescent beads of 200 nm in
diameter. Raw data of (a) confocal and (b) subsequential recorded
STED images with T4=1.15 ns. (c) Line-cut pro les along the white
dashed lines in (a) and (b) show two beads separated by 200 nm. Scale
bar: 1 m.

The STED imaging setup is slightly modi ed to achieve the full ber-STED im-
plementation: the APD # 2 is used to detecting the uorescence. Two types of
uorescent beads with di erent diameters (200 nm and 20 nm Crimson FluoSpheres,
Molecular Probes, USA) are used for the STED imaging experiments. The larger
beads are expected to emit more uorescence photons, which may be helpful consid-
ering the losses along the vortex ber (caused by, for example, splices and free-space

couplings; the transmission loss of the vortex ber is negligible though.).
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The imaging results of 200 nm beads sample are shown in Figi.6The delayed
detection time Ty was set to be 1.1%s. Longer delays did not further improve the
resolution. The confocal image in Fig. @ (a) shows large objects instead of resolvable
single beads shown in the STED counterpart. In Fig. 8 (c), the line-cut pro le along
the white dashed line in the STED image features two individual beads resolved but
no such structures can be distinguished in the confocal line-cut pro le. Due to the
nite size of the beads, we were not able to verify further resolution improvements

by this experiment.

Figure 6 8: Images of dark red uorescent beads of 20 nm in diameter.
Raw data of (a) confocal and (b) subsequential recorded STED images.
(c) Line-cut pro les along the white dashed lines in (a) and (b. Scale

bar: 1 m.

For some practical reasons at the time, the only other available bead size was
20 nm. Fig. 68 shows the imaging results we obtain. Note that, no time gating
was applied ;=0 s). The line-cut pro les indicate a 116 nm lateral resolution,
corresponding to a 3{fold improvement compared to the confocal resolution of 370
nm. Imaging of biological samples revealed an unknown uorescence background that

overwhelmed the signal from the sample (see Fig.3&.
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6.1.4 Summary: Gen-1 Vortex Fiber STED Microscopy

We have demonstrated the rst proof-of-concept of ber-based STED microscopy
system. The OAM modes generated by a ber -bends grating are used as the
depletion beam, and the fundamental mode of the vortex ber after being reshaped to
a Gaussian-like mode by tapering the ber output is used as the excitation beam. By
imaging uorescent bead samples, we have shown 34{fold resolution improvement

at STED laser power of 360 mW limited by the maximum available laser power and the
insertion loss of various components in our system. The STED imaging experiments
are done with uorescence detection either in the free-space between the ber and
the high NA objective lens; or through the same vortex ber for illumination beams
delivery. While these results serve as proof of concept experiments of a ber-based
STED microscopy system, there are several barriers for continuing with this vortex
ber.

First of all, the power of the STED laser or the loss of the ber system. The
maximum power (CW) we can extract from the system is only 360 mW measured at
the back aperture of the objective, lower than what have been used in reported works
with this depletion wavelength. Further optimization of the overall losses along the
ber system such as splices (by obtaining better mode match between the vortex ber
and the SMF), input couplings (by optimizing the beam quality of the Ti:Sa laser)
etc. are expected to increase the power throughput thus the possibility to achieve
higher resolutions.

Secondly, the OAM Mode instability. As discussed in previous chapters, the Gen-
1 ber was not originally designed and fabricated for the operation at wavelengths
close to the visible range, therefore the OAM mode is not as stable as it is at longer
wavelengths for instance 1 and 1.5n . This leads to mode couplings. The existence

of other mode contents in this ber will easily Il up the intensity null at the donut
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center. Any residual intensity there will dramatically degrade the depletion e ciency
hence hindering the resolution improvement.

Last but not least, the uorescence background. For the full ber-STED imple-
mentation, we have routinely detected large amount of background signal that was
not from the sample (veri ed by replacing the uorescence sample with a mirror). We
suspect that the uorescence was either coming from the highly Ge-doped core/ring
of the Gen-1 ber and the ceramic tip of the SMF pigtail. Operating at a di erent
STED wavelength or a ber design with di erent dopant might avoid the spectral

overlapping of the uorescence from samples and the background from the ber.
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6.2 (-plate Assisted STED lllumination

In Chapter 3 Sec.3.3, we briey mentioned challenges that we have encountered
during the ber fabrication and the grating recipe development. We have shown
that the Gen-2 ber is incompatible with -bend grating technique since the required
grating period is only 100 m (see Figure 3). As for the UV gratings, results
have shown that a stable grating recipe is not possible to obtain with reasonably
high repeatability (see Figure 3L0). In this section, we show that usingy-plates for
the OAM mode excitation in Gen-2 vortex ber ber is still bene cial to the current
STED system, and that we can simultaneously excite an OAM mode atrgp =632.8
nm, and an intrinsically co-aligned Gaussian-like fundamental mode at,.=532 nm

in the Gen-2 vortex ber (Yan et al., 2015c). In addition, in a parallel experiment
performed with the g-plate, we demonstrate that theg-plate can be used alone to
construct a free-space STED illumination system with minimum alignment required

and the capability of multi-color imaging (Yan et al., 2015b).

6.2.1 (q-plate Mode Conversion

Equation 4.9 in Chapter 4 shows the output of aj-plate when the input beam is a
left/right circularly polarized Gaussian beam. From this equation, we could decom-
pose an arbitrary state of polarization (SOP) into the complete basis of the circular
polarizations ~ and ” , and calculate the output when it passes through g-plate.
For instance, for ag=-1/2 plate used in this study, in which the birefringence is max-
imal, at a certain wavelength, i.e. =(2m+1) ,for m 2 integer (and ignoring
the constant phase o set ), we obtain for di erent input polarizations, all possible

vortex modes, whose analytical forms are well known (Ramachandran & Kristensen,
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2013):

TMoi/ M R
TEw/ M ¢
OAM* | M A*

OAM / M A* (6.1)

where M is the Jones matrix describing the local behavior of@plate that is de ned
by Eq. 4.8, andx*and y* denote the two linear polarization states.

The polarization states of these beams are examined by placing a linear polarizer
in front of the camera and rotating it as we record these free-space mode images.

Figure 69.

Figure 6 9: Camera images of converted T&, TMo;, and OAM
modes through a g=-1/2 plate, with and without passing through a
linear polarizer placed in front of the camera. The circles with arrows
indicate the di erent transmission axis orientation of the polarizer.

Note that the OAM modes are circularly polarized, so the projected intensity

patterns do not change as rotating the polarizer. An interesting feature of thg-plate
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is that switching between the radially, azimuthally, and circularly polarized vortex

modes can be achieved only by changing the input SOP.

6.2.2 Coupling OAM Modes into Vortex Fibers

Once the desired OAM mode is created in free-space, it is coupled into the vortex

ber. The schematic of a simpli ed setup for the coupling is shown in Fig. @0.

Figure 6 10: Generic setup for coupling OAM mode created by a
g-plate into the vortex ber.

Coupling e ciency is determined by the mode mismatch or mode eld integral
between the free-space OAM mode and the OAM mode in vortex ber (Gen-2) at the
focal plane of the coupling lens. This integral involves both amplitude and overall
phase curvature of the free-space OAM beam accumulated during the propagation
through all optical components in the system. To study this coupling, a scalar beam
propagation simulation is done with Matlab. Figure 611 summarizes the results. We
nd that, for a xed Gaussian beam waist and xed g-plate position (with respect
to the coupling lens), there exists an optimal focal length for the coupling lens that
leads to the maximal theoretical coupling e ciency. We determine that the optimal
focal length for our experiment is f=6-mm (green trace in Fig.@1).

Our experimental setup is shown in Fig. 2. A laser beam from a CW HeNe =
632.8 nm, Melles Griot, USA) and a Verdi (= 532 nm, Coherent, USA) are com-
bined into an SMF (RBG 400, Corning, USA) with an in-line ber PolCon (FPCO030,
Thorlabs, USA). The combined beam is collimated and passes througlyglate with

g=1/2 and an achromatic half-wave plate (=2; AHWP10M-600, Thorlabs, USA).
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Figure 6 11: Simulated OAM coupling e ciency as a function of the
focal length of coupling lens, for collimated Gaussian beams with dif-
ferent FWHMs.

These devices, in tandem, convert a Gaussian beam into an OAM beam with a con-
trollable e ciency determined by the AC voltage bias of theqg-plate provided by a
function generator (not shown in the gure). The resultant beams are then free-space
coupled into the Gen-2 vortex ber, in which the OAM mode and Gaussian-like fun-
damental mode stably co-propagate. The ber output is near- eld imaged using a

CMOS camera (DCC1645C, Thorlabs, USA).

Figure 6 12: Schematic of the setup fog-plate excitation of the OAM
mode in the Gen-2 ber.
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The free-space mode conversion properties of tloeplate has been thoroughly
studied. The reader can nd more details in Appx. D. Here we focus on the studies

related to the ber mode excitation.

Figure 6 13: (a) Images of free-space modes created byg=al/2-plate
at 532 nm (green) and 632.8 nm (red). The-plate is biased at 1.616
V. (b) Near- eld ber mode images: the fundamental mode at 532 nm
and the OAM mode at 632.8 nm.

First of all, we notice that at an AC bias of 1.611 V { =2 kHz) the g-plate fully
converts the depletion beam into a donut at 632.8 nm, while leaving the excitation
beam at 532 nm unconverted (see Fig.B3). Next, the resultant beams are free-
space coupled into the Gen-2 vortex ber. Figure @3 shows free-space beam pro les
and the corresponding near- eld images of ber modes at the excitation and STED
wavelengths of 532 nm and 632.8 nm, respectively. After about 3 m of propagation in
the Gen-2 ber, the OAM mode purity is measured to be better than -15 dB (more
negative values) using the Ring method introduced in Chapter 5 Sec.5.2.

In addition to the HE;; and OAM mode shown in Fig. 613(b), we have shown
that by changing the input polarization states, theg-plate can successfully excite
all modes in the rst HOM group of the Gen-2 vortex ber, with mpi values of -
17 -20 dB measured by the Ring method. Figure 84 summarizes the measured
near- eld images of these modes. Modal polarization properties are examined by a

linear polarizer with di erent orientations placed in front of the camera. The OAM
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Figure 6 14: Measured near- led images of Tk;, TMo.; and OAM
modes in the Gen-2 vortex ber excited by thay-plate. The polarization
properties of the modes are checked by rotating a linear polarizer in
front of the camera.

and OAM can be distinguished by noting the opposite handedness of two spiral
interference patterns shown in the last column of the gure.

Another important feature of g-plate free-space mode conversion is that the con-
verted OAM and unconverted Gaussian modes have orthogonal polarization states,
which is clear in both Eq.4.9 and Fig.418. We show that this allows for a single
aperture generation of Gaussian beam ate,, and OAM beam at stgp for almost
any wavelength pairs of interest in STED applications. Consider a setup depicted in
Fig.6 15. The excitation ( ) and STED ( step) laser beams are coupled into an
SMF through a wavelength division multiplexer (WDM). The SOPs of them can be
precisely manipulated by two ber polarization controllers. The output of the SMF
is collimated and then passes through @-plate followed by a polarizing beam splitter
sandwiched by two quarter waveplates (essentially a circular polarizer). We adjust
the two ber polarization controllers such that the excitation and the STED beams

are of orthogonal polarizations, for example, * for the excitation, and for the
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Figure 6 15: Generic setup for using polarization multiplexing with
a g-plate, for nearly arbitrary excitation/STED wavelength combina-
tions.

STED. Upon passing theg-plate that is biased for full OAM conversion at step, the
STED laser beam is converted into an OAM OAM with SOP of *. Meanwhile, the
excitation laser beam is partially converted into an OAM mode of and remains the
test of power in a Gaussian mode of". The unwanted OAM beam at theexcitation
wavelength ¢ is then directed by the circular polarizer into a beam dump shown in
the Fig. 6 15. Practically speaking, in STED experiment, the required power for the
excitation beam is usually in the order of a few hundreds oV , so most of excitation
laser sources can a ord loosing part of the power (into the OAM mode in this case).
Therefore, a pair of STED and excitation beams emitting from a same aperture (the
SMF) is achieved, virtually for any wavelength combinations as long as they do not
have exactly same optimal bias voltage values forplate conversion.

This is bene cial to: (1) free-spaceg-plate applications in the context of single
aperture STED illumination system (see Sec.6.2.4 for details); and (2) multiplexing
excitation and STED beams and coupling them into the vortex ber without the
need of using dichroic mirrors that usually corrupt the circular polarization of the

beams due to its di erentiated transmission/re ection for two polarization states 6
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and p). The dichroic mirror is used to separate the uorescence signal, can be placed
in between the polarizing beam splitter and the quarter waveplate (the one that is

closer to the coupling lens) where the beams are linearly polarized.

6.2.3 (g-plate Assisted Fiber STED lllumination

The experimental setup we used to characterize PSFs of these beams is similar to the

one depicted in Fig. 63 with a few modi cations. It is shown in Fig. 616.

Figure 6 16: Schematic of setup for PSF characterizations.

In the microscopy setup, we have replaced the high NA objective in Fig.3with an
oil immersion one (UPlanSApo 60X/1.35 oil, Olympus, Japan). The index mismatch
between the immersion oil and the mounting medium of the sample may cause various
aberrations to distort the measured PSFs, therefore it is important to have the oll
with the correct refractive index. We have found in our laboratory, the oil supplied
by Olympus (Type-F immersion oil, n = 1:518@23; Olympus) caused spherical
aberrations (asymmetric PSFs on two sides of the focal plane, e.g. see Fid. @)).
To correct that, for the experiments described here we routinely used a mixture of two
types of oil with approximately 25:75 volume ratio (Series Ap;, = 1:524 0:001 and
n, = 1:520 0:001; Cargille Laboratories, USA) to obtain the best possible results in

our lab.
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Figure 6 17: (a) Measured PSFs of the two beams (in lateral and
axial planes). (b) Line-cut pro les along the white line indicated in
(a). (c) Line-cut of the donut beam in dB scale. Scale bar: 200 nm.

Figure 6 17 shows the measured PSFs in both the lateral and axial planes and line-
cut pro les along the white dashed line in the lateral PSF. The two PSFs are spatially
well aligned as expected. The FWHM of the excitation PSF is 260 nm, and that of
the dark center of the donut is 160 nm (Fig. 617 (b)). The intensity ratio of the
donut center is -16.5 dB with respect to the peak, corresponding to approximately 2%
residual intensity, which is considered as practicable for STED imaging experiments
(Willig et al., 2006; Neupane et al., 2013).

More detailed spectral characterization of theg-plate reveals that this device
may work at a variety of STED wavelength pairs (for example 440/532 nm, 488/592
nm, and 532/750 nm etc.) without special beam lItering, meaning that theg-plate
only acts as the OAM converter at the STED wavelengths. Using thg-plate, a
single-aperture STED system can be built such that moving between wavelength
pairs requires only changing the bias voltage on thg-plate. In principle, OAM
modes in the Gen-2 vortex ber at these STED wavelengths are designed to be stable
therefore the Gen-2 bers could also potentially be used in combination with the
g-plate to achieve a color-tunable ber-based STED microscopy system. Further, for

wavelengths pair at which theq -plate has both high OAM mode conversion e ciency,
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for example 632 and 750 nm, one can implement the polarization multiplexing scheme
introduced in Sec.6.2.2 (Fig. @5) so that the desired Gaussian and OAM beams are
still emitting from the single aperture, that can later be either coupled into the vortex
ber of interest, or directly used as the excitation and STED beam for a free-space

STED system.

6.2.4 Alignment-ease Free-space STED Illumination

While addressing the alignment problem, free-space solutions such as dual-wedge
vortex phase plates (Wildanger et al.,, 2009a) and segmented wave plates (Reuss
et al., 2010), however, come with inherent bandwidth limitations (Gorlitz et al.,
2014). The excitation beam becomes highly non-Gaussian barely 50 nm away from
the design wavelength, and STED beam bandwidths greater than a fawn remain
infeasible. In this section, we show that the-plate, in contrast, is a free-space device
that can address the alignment tolerances of STED while also enabling broadband or
multi-color operation (Yan et al., 2015b).

The setup to characterize thag-plate is modi ed from the one shown in Fig. 616,
by removing the Gen-2 vortex ber and adding more laser lines for PSF measurements.

The schematic of the setup is shown in Fig. 68.

Figure 6 18: Schematic of PSF characterization setup.
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A supercontinuum laser with built-in bandpass Iters (Solea, PicoQuant, Ger-
many) and a CW Ti: sapphire laser (3900S, Spectral-Physics, USA) pumped by
a 532 nm diode pumped solid-state laser (Verdi 10D, Coherent, USA) are used to
characterize the multi-color PSFs. Laser beams passing tlgeplate are imaged in
free-space by a CMOS camera. Thegplate is biased by a function generator (model
20, Wavetek, USA) that outputs 2 kHz sinusoidal AC voltage with zero DC o set.
The g-plate can also be biased through a DAQ card to provide further system in-
tegration and more accurate and dynamic tuning. All the experiments described in

this section are performed under 2 kHz AC bias.

Figure 6 19: Free-space images of two beams of di erent wavelengths
passing through ag=1/2-plate at di erent voltage biases.

Figure 619 shows camera images of collimated Gaussian beams of two di erent
colors passing through ay-plate (g=1/2) at multiple bias settings. Clearly, the ap-
pearance of a Gaussian or OAM beam appears to have an oscillatory dependence
on bias or wavelength. The free-space spectral response regarding such oscillatory
behavior along with theoretical treatments are detailed in Appx. D. We nd that for
di erent biases, OAM beams with 98.4% purity i.e. -18 dB extinction ratio (ER;
see Appx.D, Fig.D1 for de nition.) may be obtained across the visible spectral
range (the mode purity, and hence absolute value of the ER, may well be higher |

the dynamic range of our camera limits measurements to18 dB). Moreover, one
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may nd the pairs of wavelength at which, for a given input beam andj-plate bias,
one could obtain a STED (OAM) and Gaussian beam simultaneously. This yields a
single-aperture STED illumination setup that is tunable across the visible spectral
range.

In order to evaluate the performance of this system, we measure the PSFs of the
beams created by thay-plate. Figure 620 (a) shows the results from the implementa-
tion of single-aperture STED illumination with a Gaussian excitation at ¢,.=532 nm
and STED beams at stegp =647 nm. Two-dimensional PSFs in the lateral and axial
directions are shown in Fig. &0 (a), and free-space mode images obtained from the
g-plate shown in Fig. 620 (b) (all with false colors corresponding to the respective
wavelengths of illumination). We obtained a donut PSF extinction ratio of -18.75 dB
(Fig. 6 20 (c), plotted in linear scale for visual clarity; corresponding log scale plot
shown in Fig. D5). This exceeds the -13 dB requirement (5% of intensity in the dark
center compared to the peak of the STED beam) often quoted as desirable for STED
microscopy (Willig et al., 2006; Neupane et al., 2013).

Next, we study the bandwidth of our single-aperture system. We x theay-plate
bias to have the largest vortex extinction ratio at 647nm and record PSFs while
sweeping the central wavelength from 600 to 69@m. The extinction ratio for the
STED beam as a function of center wavelength, shown in the inset of Fig.Z) remains
below the -13 dB metric across 19m (637 -656nm). This is consistent with our
observation, in parallel, that at the center wavelength of 647%m, the extinction ratio
remains smaller than -13 dB for all bandwidth settings (3 to 1% 1im) available from
the Solea laser we tested.

Intuitively, we expect that the bandwidth where we could obtain a Gaussian PSF
(at the complementary wavelengths around 532m) would be similar. However,

measurements of the PSF at around 532m reveal that the overlap integral of the
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Figure 6 20: (a) 532 nm Gaussian and 647 nm STED beams with
bias = 1.180 V.; and (d) and (g) 488 nm and 514 nm Gaussian and
592 nm STED beams with bias = 1.280 V, in lateral and axial planes.
The corresponding free-space mode images are shown in (b) and (e),
and the central line cut pro les of lateral PSFs are shown in (c) and
(f), respectively. Scale bar: 200 nm
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line-cut prole of the PSF with that of a pure Gaussian beam PSF (i.e. alinc
function), degrades by less than 1% as long as the free-space extinction ratio remains
larger than -3 dB (Sec. D for details of this calculation.) Thus, our experiments reveal
a Gaussian PSF bandwidth of 60 nm, considerably larger than that for the STED
beam. This points to the feasibility of dual or multi-color STED (where a variety of
Gaussian excitation beams may be deployed for multiplexed imaging).

Figure 6 20 (d-g) show corresponding PSFs, free-space images and PSF extinction
plots for an exemplary demonstration of dual-color STED. The-plate bias is set at
1.28 V, step =592 nm, but two Gaussian excitation beams at .,.=488 and 514
nm are simultaneously deployed. The measured donut PSF vortex extinction ratio
was -14.11 dB, which, though better than that required for STED microscopy (Willig
et al., 2006; Neupane et al., 2013), is nevertheless degraded compared to the single-
color experiment of Fig. 620 (a-c). However, we believe this is not because of the
dual-color aspect of the experiment, but instead, due to our measurement limitations.
The 150nm gold beads used for our PSF measurements are similar in size to that
of the dark center (theoretically calculated to be 11%m) for the STED beam at

step =592 nm | hence, using smaller gold beads would have yielded deeper PSF
extinction ratios, especially since we did not see any apparent degradation in the
mode purity of the free space STED beams obtained from the g-plate across the
entire wavelength range we tested.

All colors come out of a single-aperture ( ber andy-plate), as shown in Fig. 618,
reinforcing the alignment simplicity of this setup. Moreover, no physical realign-
ment was needed when switching across all these wavelength combinations, spanning
RGB of the visible spectrum. We repeated these PSF measurements for a range of
color combinations that address commonly used uorescent dyes and the results (see

Appx. D, Fig. D 5), along with the dye for which each experiment may be suitable,
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are illustrated in Table 6.1 (n/a signi es laser wavelengths not available for testing).

Table 6.1: STED wavelength combinations and dyes (Hell, 2014).
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6.2.5 Summary: Gen-2 Vortex Fiber and g-plate STED lllumination

We have shown that, by means of free-space OAM excitation usinggaplate, the
Gen-2 vortex ber is able to deliver naturally co-aligned point spread functions of
the excitation and STED beams, suggesting a simpli ed STED system in the visible
spectral range where most dyes used in STED microscopy exist. It is worth noting
that, although a free-space mode excitation scheme has been employed, it has not
compromised the capability and the great promise that the vortex bers have held for
realizing the endoscopic STEDN vivo imaging because the remote delivery/collection

of the excitation, depletion and uorescence beams is still achievable by a single vortex
ber.

Furthermore, in experiments performed in parallel to the OAM mode excitation in
the vortex ber, we have demonstrated a single-aperture STED illumination system
using ag-plate and a single mode ber. Theg-plate acts as an OAM mode converter
spatially modifying the laser beams of di erent colors in a wavelength-dependent fash-
ion. This allows easy tuning the depletion wavelength without changing the optical
alignment of the system. The operation bandwidth for practical STED implementa-
tion is measured to be 19m, considerably larger than that of other single-aperture
techniques. The even larger bandwidth for Gaussian PSFs enables dual-color or even
multi-color implementation over a variety of wavelength ranges. Based on our single-
aperture results, we believe thag-plates will nd important applications in STED
microscopy, since they address the alignment-intensive nature of these systems while
also providing for an alignment-free color-tunable system enabling multi-color STED

microscopy.
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6.3 An All-Fiber STED Microscopy

In this section, we study the OAM mode excitation and propagation in Gen-3 vortex
bers, and demonstrate an all- ber STED system using such a vortex ber device.
The OAM modes are excited by a compact UV LPG (31 mm in length) with a
high mode conversion e ciency of 99.7%. A home-built STED microscopy setup is
employed to interrogate the performance of the system, and the PSFs of the system are
measured with illuminations of the fundamental HE; mode of the ber considered as
the Gaussian-shaped excitation beam, and of an OAM mode with= 1 considered
as the donut-shaped STED beam. Mode purities of -19 dB and STED depletion beam
extinction ratios of as low as -18.1 dB are obtained for a variety of ber perturbations.
This stability is due to a ber design yielding enhanced e ective index separation
( nerr > 10 %) between the rst higher order vector modes (Tk;, OAM (I = 1)
and TMy;) across the visible spectral range. Initial STED imaging of uorescent bead

samples suggests that sub-di raction-limited resolution of 103 nm can be obtained.

6.3.1 Vortex Fiber and UV Grating Characterization

Gen-3 vortex bers are fabricated with a series of outer diameters (ODs) for stable
OAM propagation at di erent wavelengths. The OD of the ber used in this study

is a standard OD 125m . Due to the resolution limit of our ber index pro ler, the
refractive index pro le of the Gen-3 vortex ber cannot be experimentally resolved.
Instead, we obtain a glass cane at the end of ber fabrication that has gone through
the ber drawing process. The glass cane is measured and its index pro le is scaled
and plotted in Figure 621(a). Figure 621(b) is a microscope image of the cleaved
ber facet, from which the high index ring structure and the core can be identi ed in
the zoomed-in inset.

An important aspect of vortex ber design in the context of STED applications
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Figure 6 21: (a) Measured refractive index prole of a glass cane
scaled to OD 125m by aligning the ring position. (b) Dark- eld mi-
croscope image of the cleaved facet of an OD 18b vortex ber. Inset:
zoomed-in image to show the high-index ring and the core structures.
Scale bar: 10m . (c) Long period grating phase matching curves.
Markers represent experimental LPG data. (d) Intensity pro les of the
fundamental mode HE; at o, = 632:8nm, and the ideal Gaussian
function with the maximum overlap integral with the HE;; mode. The
inset shows an experimentally measured near- eld images of the HE
mode at 632.8 nm.

is the shape of the fundamental Hi mode (see discussion in Chapter 3 Sec. 3.2,
Sec. 3.4 as well as Chapter 6 Sec.6.1). The inset of Fi@¥H(d) shows an experimen-
tally measured near- eld image of the HE; mode at = 632:8nm. We notice that
this beam is much more Gaussian-like (the calculated overlap integral with an ideal
Gaussian beam is 97%) than the simulated mode pro le (calculated to have an over-
lap integral value of 93%), and tends to behave as if the HEmode is measured at

longer wavelengths in this ber. We attribute this mismatch to the following factors:
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(1) potential non-ideal measurement of the ber index pro le as discussed previously.
The measured index pro le may di er from that of the actual ber, and so do the
simulated and experimentally measured mode pro les; and (2) The imaging system
may smear the sharpness of the ring shoulder and the dip shown in the simulated
mode pro le, due to a resolution issue, which is not an uncommon issue for higher
order mode imaging experiments in the lab.

The ber LPG period needed for Gen-3 ber OAM mode conversion in the visible
spectral range is between 200 and 30 [see Fig.621(c)]. This dimension is for an
OD 125 m ber, and is considered too small to create microbends for mode conver-
sion. Although, as presented in Chapter 4 Sec.4.1.5, by etching the ber cladding
down to 40 m, acousto-optic (AO) gratings have been successfully fabricated in
this ber while this thesis is being written. The stability and compactness of such
AO devices still need improvement for further practical applications [see also (Song
et al., 2017)].

For this study, tilted UV LPGs are inscribed in vortex ber samples using the
ber grating fabrication system described in Chapter 4 Sec.4.1.3.

Mode stripping tapers with a waist of 70 m in diameter are fabricated on the
vortex ber to Iter out HOMs generated at the upstream of the grating that will
otherwise compromise the STED beam quality, and a ect the spectral measurements
via multipath interference (MPI). The fabrication parameters and taper diameter are
carefully chosen and experimentally tested by spectral analysis approaches developed
in Chapter 5 Sec. 5.1, so that only the fundamental mode is guided in the taper region
and the taper itself does not introduce extra mode coupling (e.g. creating LPmodes
at the output of the taper). With the taper recipes that we have developed, we have
been able to routinely obtain taper devices withmpi of <-40 dB as proven adequate

for characterizing the spectrum as well as generating desired OAM beam output.
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A series of tilted gratings of di erent periods are fabricated and characterized.
Grating resonances for thest HOMs (OAM, TE o; and TMy;) are plotted as a function
of wavelength in Fig. 621(c) where the experimental data and the simulation show a
good agreement. The tLPG used in this study has pitch of 208.50 andis 31mm
in length.

Figure 6 22: Typical transmission spectrum of the UV grating show-
ing > 99:7% mode conversion e ciency.

The vortex ber sample with the tLPG is then fused spliced to an SMF. The
combined losses (splice and grating) are measured as 1.7 dB, with improvements
potentially possible via ber splicing optimization and improved grating fabrication
strategy. The insertion loss of our grating device at the resonance wavelength is
measured as 0.9 dB. This is a much higher loss than that of a typical ber grating
which is as low as< 0.1 dB or even negligible. We nd that, the grating region glows
red in a dark room at the resonance wavelength, which suggests that at least part
of the power in the fundamental mode is coupled into some higher order cladding
mode(s) at the resonance wavelength. We expect that this loss could be further
reduced (e.g. to 0.1 dB), and the accidental cladding mode coupling issue could be

solved by (1) applying optical gel or oil with better index matching to the cladding
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of the vortex ber. This technique suppresses any higher order cladding mode(s)
causing the loss, or (2) by slightly shifting the STED wavelength so that cladding
mode resonances are not spectrally overlapped with the OAM mode resonance. Figure
6 22 shows the transmission spectrum of this grating, revealing a mode conversion

e ciency of 99.7% at 776.34 nm.

Figure 6 23: Schematics of setup for Ring analysis. PC: polarization
controller.

For mode purity characterization, we use the Ring method developed in Chapter
5 Sec.5.2. To remind the readers, we show the system schematic in Fig3¢ and
highlight its core steps here: we start the characterization by projecting ber output
(OAM modes) into two circular polarizations, i.e. * and ; we then perform spatial
Fourier analysis on azimuthal intensity pro les to obtain Fourier series coe cients
that are used to calculate the mode purity.

Mode purity characterization is done with di erent bending perturbation condi-
tions, and results are plotted in Fig.624 as a function of ber bend radius. The
insets show photos of coiled vortex bers (top panels) and corresponding near- eld
mode images (bottom panels). We con rm that, with bending radius down to 6
mm, the MPI for OAM mode stays below -19 dB (corresponding to purity of 98.7%).
High mode purity is essential for STED microscopy since other modes such as giM
and HE;; create central intensity at the focal plane of a high NA objective which
dramatically degrades the depletion e ciency thus compromising the superresolution
imaging performance. Bends sharper than 6 mm radius induce signi cant bend loss

as expected, but in any case are much tighter than the bend speci cations for typical
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microscopes or endoscopes(Lee et al., 2010).

Figure 6 24: Mode purity for di erent bending radii. Inset: pictures
of coiled vortex ber with di erent diameters (6.5 cm, 3 cm, and 0.6
cm) and the corresponding OAM mode images.

6.3.2 Experimental Apparatus

We incorporate our vortex ber device into a home-built confocal/STED microscopy

to characterize the PSF of illumination with the fundamental and the OAM modes at
corresponding wavelengths. The experiment setup (FigZb) shows that the excita-
tion ( =632:8nm; HeNe, Melles Griot, USA) and STED/depletion ( = 776:34nm,
3900S Ti: Sapphire, Spectra-Physics, USA) lasers are both coupled into a single mode
ber using a ber wavelength division multiplexer (WDM; NR73A1, Thorlabs, USA)
with in-line ber polarization controllers (polcon). The insertion loss of the WDM at
776.34 nm and 632.8 nm are measured to be 0.8 dB and 0.5 dB, respectively (smaller
losses are achievable by custom designing the WDM device). Following the grating,

another ber polcon is used to control the content of spin-orbit aligned OAM = +1
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Figure 6 25: System schematic. WDM: wavelength division multi-
plexer; SMF: single mode ber; PC: polarization controller; L: lens; M:
mirror; BS: beam splitter; DM: dichroic mirror; PBD: polarizing beam
displacer; Inset: photo of clamped vortex ber output.

and | = 1 modes both of which generate a dark center under high NA focusing,
and hence are suitable for STED. After 5.1 m of coiled vortex ber, the output
pigtail is clamped using a bare ber adapter (BFT1, Thorlabs, USA; see inset pic-
ture in Fig. 6 25). The beam output is collimated using an objective lens (UPlanApo
10X, Olympus, Japan), and focused by a high NA objective (UPlanSApo 60X/1.35,
Olympus, Japan) on to a sample that is mounted on a 3-axes piezo scanning stage
(NanoMax-TS, Thorlabs, USA). Light from the sample is directed by a free-space

beam splitter for PSF characterization) or a 2 mm-thick dichroic mirror (for uores-
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cence imaging; ZT670dcrb, Chroma, USA) and focused by a tube lens (f=300 mm;
AC254-300-B-ML, Thorlabs, USA) into a multimode ber (MMF; M50L02S-B, Thor-
labs, USA) acting as a confocal pinhole, and detected by an avalanche photodiode
(APD; SPCM-AQR-15, Perkin Elmer, USA). The microscopy system is controlled
by a homemade Labview program with a data acquisition card (PCle-6353, National

Instruments, USA).

6.3.3 Experimental Results

For bend radii of 6.5 cm and 6 mm, we measure the PSF for the excitation and STED
beams, respectively, by scanning a sample of gold beads (150 nm Au nanoparticle,
Cytodiagnostics, Canada). The two PSFs are spatially well aligned in both directions
(Fig. 6 26).

The full width of half maximum of the excitation PSF is 382 nm, and that of
the dark center of the donut is 235 nm. These values are representative of similar
measurements with state of the art free-space STED systems. The extinction ratios,
de ned as the ratios between intensity at the center and at the peak are measured
to be -18.1 dB and -17.5 dB respectively. Extinction ratios below than -20 dB are
considered di cult to measure due to various reasons, one of which is the size of the
gold bead limiting the resolution for measured PSFs.

Having characterized the PSF, STED imaging performance of our all- ber system
is tested. The beam splitter in the system (Fig. 6) is replaced by a custom-made
dichroic mirror (ZT670dcrb, Chroma, USA), and a bandpass lIter (FF02-675/67-25,
Semrock, USA) is inserted in front of the detector to reject the residual light from
both excitation and STED lasers. For the STED experiment, the vortex ber is coiled
into 6.5 cm loops laid down on the optical table.

Fluorescent microspheres (FluoSpheres DarkRed, 0.0#h , Molecular Probes,

USA) samples are made following the protocol provided in App.B, and they are
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Figure 6 26: Experimentally measured near- eld mode images and
point spread function pro les in the lateral and axial directions for
vortex ber with bending radius of (a) 6.5 cm (10 loops); and (b) 0.6 cm
(10 loops). Line-cut pro les of the excitation and the STED beams in
linear scale (middle panels) are along dashed lines depicted in the lateral
planes of PSF images. The results match with simulations (dashed blue
lines). STED beam pro les also plotted in dB scale (bottom panels) to
elucidate extinction ratio. Scale bar: 500 nm.

then imaged with our all- ber STED microscopy system. The excitation and the
STED laser power are measured to be 7/ and 381 mW (maximum available) at
the back aperture of the high NA objective lens. The pixel dwell time is set to 0.19

ms.
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Figure 6 27: Images of the dark red uorescent beads of 40 nm in
diameter. Raw data of (a) confocal and (b) subsequential recorded
STED images. (c) Line-cut pro les along the white dashed lines in (a)
and (b) show a 4-fold resolution improvement. Scale bar: Im .
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Figure 627 shows the raw images under (a) the confocal mode with only the
excitation laser switched ON and (b) the STED mode with both excitation and
STED lasers switched ON. The linecut pro le along the white dashed lines in (a)
and (b) are plotted in Fig. 627(c), where spot size (FWHM) of 103 nm is observed,
correspondingto a 4-fold sub-di raction-limited resolution improvement comparing
with the confocal mode.

Note that both the excitation and the STED beams are from CW lasers, thus time
gating is not implemented. From Fig. 627, we observe that the resolution improve-
ment is more prominent for uorescent beads that emit dimmer signal presumably
because they are single isolated beads whereas more brighter spots are likely to be
bead clusters. We also nd that when the STED laser is incident on to the sample, we
detect weak signal from the bead [see FigZB (b)] that is approximately 2% of nor-
mal uorescence signal we would get under the confocal mode [see Fig8€a)]. We
anticipate further resolution improvement by optimizing the system loss to have more
STED power at the sample plane (Willig et al., 2007) as well as the uorescent sample
preparation which is considered to be critical for achieving optimal performance in

STED imaging experiments.

Figure 6 28: (a)Fluorescent beads images obtained with (a) only the
excitation laser switched ON; and (b) only the STED laser switched
ON.
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6.3.4 Summary: All-ber STED

In summary, we have demonstrated an all- ber, compact STED system with which
we can achieve ber modes that are tolerant to perturbations. Since the outputs of
our system are stable modes of the ber itself, we obtain naturally self-aligned PSFs
for the excitation and depletion beams. Vortex bers can be easily be cleaved and
spliced, and it is compatible with various termination options. With such an all-
ber STED system, 100 nm sub-di raction-limit resolution is achieved by imaging
uorescent beads sample, however, further improvements on several aspects including
the system power throughput are expected.

Furthermore, with such vortex bers and ber gratings, we have created an all-
ber platform that can be used to build simpli ed, mechanically robust STED sys-
tems. This treatment can be extended to realize other imaging systems where the

exploitation of spatio-spectral beam shaping is required.
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6.4 Remarks on Fiber-based STED and Gen-3L Vortex Fiber

While previous ber-based STED experiments serve as proof-of-concept demonstra-
tions, it is at this point worth commenting on the endoscopic aspect of this study. One
of the great hopes for vortex bers is that success in ber-based STED microscopy
may lead to the future implementation ofin vivo imaging of biological samples at the
sub-di raction-limited resolution using.

To this end, it is preferable to collection the uorescence through the same vortex
ber aperture otherwise it creates unnecessary complexity in terms of implement-
ing beam scanning with two optical bers at the proximal end, i.e. one for excita-
tion/STED beams delivery and one for uorescence collection (Flusberg et al., 2005).
Current vortex ber based STED microscopy systems studied in this thesis collect the
uorescence through the vortex ber core with radius of 1 m (see Sec.6.1). The
need of mode stripping tapers (see Chapter 4 Sec.4.1.4) for e cient OAM mode ex-
citation/conversion via ber gratings prohibits us from using much larger waveguides
(for example the ring region, or even the ber cladding) for uorescence detection.
Simple e ective collection aperture area calculation reveals that we have probably
only collected much less than 1% of emitted uorescence photons from the sample,
which is unfortunately ine cient.

This can be improved by using ber cladding for uorescence collection. As is
brie y mentioned in Chapter 3, Sec. 3.4, the fabricated third generation of vortex
ber preform is drawn into two types of vortex ber. The rst is the conventional
Gen-3 studied in this chapter, and the second one is a low-index polymer coated
(n  1:37; thickness of 28 m ) version of Gen-3 ber (referred to as Gen-3L) with
multimoded cladding. Gen-3L vortex bers are speci cally fabricated for cladding
collection of uorescence.

However, we have observed some background signal as we proceed to use the



149

Gen-3L to collect the uorescence in a setup described in Fig2®.

Figure 6 29: Schematic of setup for Gen-3L cladding uorescence
collection.

The fundamental HE;; mode of the Gen-3L ber is used as the excitation beam.
The uorescence is propagating through the Gen-3L cladding, separated by a dichroic
mirror, and detected by an APD or a CCD spectrometer. We nd that the "back-
ground light is spectrally overlapped with the expected uorescence light from the
sample therefore it gets through the bandpass Iters we use in front of the detector.
Such uorescence background is even detectable when the Gen-3L ber output is not
connected to the microscopy setup (for example, when the Gen-3L output is simply
scissor cleaved). It is also shown that the strength of the background uorescence is
largely (linearly) proportional to the Gen-3L ber length [see Fig. 630 (a)].

We therefore suspect that this background light is likely generated from inside of
the cladding and possibly from the dopants and polymer jacket based on the initial
results. The presence of strong background light from the ber (APD counting rate
> 1 Mc/s) has signi cantly degrades the signal to noise ratio (SNR) when detecting the
uorescence through the vortex ber. The signal from the sample is overwhelmed into
the background, therefore it must be addressed by optimizing the system con guration
and/or proper vortex ber designs, which will be brie y discussed in Chapter 7.

The Gen-3L vortex ber also imposes several other engineering challenges regard-

ing the OAM mode excitation/conversion via gratings. Previously, the vortex ber
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Figure 6 30: (a) Spectra of the background light from Gen-3L samples

with di erent length. (b) Correlation between the ber length and the

integrated spectral power.
was spliced to asingle mode berfor laser beams combination, however, the Gen-3L
vortex ber is incompatible with splicing to regular SMF ber because of the loss of
uorescence propagating in the cladding. To avoid that, a double-clad ber (Yelin
et al., 2004) is needed. Further, in order to separate uorescence and excitation sig-
nals signal, a beam coupler based on such double-clad bers is preferred as depicted

in Fig. 6 31: where the excitation and the STED beams are coupled into the single

Figure 6 31: Schematic of a double-clad ber coupler spliced to the
Gen-3L vortex ber.

mode core of the double-clad ber through port S1, and port S2 is spliced to a Gen-3L
ber with a tLPG inscribed. The back-propagating uorescence in the Gen-3L ber
cladding will be coupled into the multi-mode cladding of the double-clad ber, and

then detected through port M1. This type of double-clad ber coupler has previously
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been developed for uorescence endoscopy applications (Lemire-Renaud et al., 2010),
and such devices have recently become commercially available through several vendors
(for example, DC780SEB, Thorlabs, USA; and DCFC1, Castor Optics, Canada).

In addition, since the mode stripping taper cannot be used with Gen-3L bers,
special care must be taken to optimize the splice between the double-clad ber and
the Gen-3L ber such that the mpi remains low enough (preferably-40 dB) for

e cient OAM mode conversion.
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Chapter 7

Conclusion and Outlook

In this chapter, we summarize the major results we have obtained in this thesis, and
provide the prospects on future directions for studies of optical ber based STED

microscopy.

7.1 Conclusion

We have investigated optical ber-based STED microscopy systems, where all desired
optical beams are emitted from a single ber. A novel class of bers, i.e. vortex bers,
supporting and stably co-propagating the Gaussian-like fundamental mode and the
donut-shaped OAM mode that can be utilized in STED microscopy as the excitation
and depletion beams, respectively, is mathematically introduced (Chapter 2). The
design methodology and featured characteristics of such vortex bers are studied in
detail. We have shown that the fabricated three generations of vortex bers largely
possess the expected properties, especially for those designed for stable excitation
and depletion beams in the visible spectral range where most dyes used in STED
exist (Chapter 3). Dierent schemes of OAM mode excitation or conversion in the
fabricated vortex bers are developed (Chapter 4), and methods of characterizing
the OAM mode including both spectral and imaging-based analysis are developed
(Chapter 5) and applied in ber-STED experiments (Chapter 6).

Speci cally, we have demonstrated selective OAM mode excitation or conversion

with high e ciency ( >99%) and purity (>98%) by means of: (1) microbend, UV
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and acousto-optic (AO) tunable ber long period gratings (LPGs) (Sec.4.1); and (2)
free-space OAM mode excitation via &-plate (Sec.4.2).

Using the aforementioned microbend LPG (Sec.6.1), we have demonstrated a
ber-based STED microscopy system for the rst time. We have created the exci-
tation and depletion beams in a vortex ber at 650nm and 750nm wavelengths,
respectively, and shown that naturally co-aligned point spread functions (PSFs) for
these two beams can be obtained. Further STED imaging of a uorescent beads sam-
ple has revealed a spot size of 90 nm, corresponding to a43fold improvement in
lateral resolution compared to confocal imaging. Detection of uorescence through
the vortex ber was also tested, and sub-di raction-limited resolution of 116 nm has
been achievable.

In a separated experiment (Sec.6.2), PSF characterization of free-space Gaus-
sian and OAM modes created by a@-plate has proven the capability to achieve an
alignment-tolerant STED microscopy system at a variety of wavelengths covering the
entire visible spectrum. A dual-color STED illumination with the STED beam at
592 nm, and the excitation beams at 488 and 514 nm, has been demonstrated. It
has been experimentally shown that switching color settings only involves changing
the bias of the g-plate without altering the alignment of the system, hence poten-
tially facilitating alignment-free, spectrally diverse, and multiplexed superresolution
imaging.

With the UV LPG technique (Sec. 6.3), we have built anall- ber STED system
with OAM modes that are tolerant to perturbations. STED imaging of uorescent
beads has suggested a lateral resolution of 103 nm, signifying 4-fold improvement
compared to confocal imaging.

Our studies indicate that the vortex ber is capable of providing arall- ber plat-

form that can be used to build simplied STED microscopy systems, and to realize
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other imaging systems where the exploitation of spatio-spectral beam shaping is de-
sired. Future success in collecting the uorescence through the cladding of the same
vortex ber will result in a compact, yet robust full- ber STED system that could not
only facilitate retro tting in existing commercial STED microscopes but also open
the door to the possibility of performing endoscopic investigations in the nanoscale
regime. We anticipate many more interesting results to come in the near future

involving the use of vortex bers in superresolution imaging.

7.2 Outlook

In this section, we discuss the possible directions for future ber-based STED mi-

croscopy research.

7.2.1 Acousto-Optic Gratings

In Sec.4.1.5, we briey presented initial experimental results on OAM generation
via AO tunable LPG. It is shown that a single AO LPG device can in principle
provide depletion beams for more than 85% of dyes used in STED (Hell, 2014) (see
also Fig.415), whereas for UV LPGs, change of the STED wavelength would need
change of grating device. It is therefore bene cial to further investigate the imaging
performance of an all- ber STED system based on AO LPGs.

Another advantage of the AO LPG is insertion loss as low as 0.75 dB which is 1 dB
lower than that of the UV inscribed grating device used in this thesis (Sec. 6.3). This
could increase the system power throughput to deliver more depletion laser power

onto the sample thus potentially improving the resolution.
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7.2.2 Background Signal from the Vortex Fiber and Potential Improve-
ment by Fiber Design

Sec. 6.4 outlines several comments we have made on the ber-STED system, one of
which is on the unwanted uorescence background signal when we perform uores-
cence collection through the vortex ber cladding (see Fig. 89 for setup schematic).
We have identi ed that at least part of the uorescence background signal comes
from the Gen-3L vortex ber because the signal strength is linearly proportional to
the ber length (see Fig.630). This will be problematic for future full- ber STED
experiments. Here we present a potential solution by alternative ber designs.

If the low-index polymer coating is indeed the issue, new designs could address it
by introducing an inner cladding waveguide structure, formed by the silica cladding of
current vortex ber and an extra layer of so-called air-cladding consisting of air holes,
which has been used in several specialty bers (Israelsen et al., 2014) (see design

schematic in Fig. 71).

Figure 7 1: Schematic of vortex ber design with an air-cladding
(left); microscope image of an optical ber with such an air-clad struc-
ture (right)

This may well con ne the excitation light and the backward-propagating uores-
cence into the region bounded by air-glass cladding, therefore potentially signi cantly

reducing the background light from the dopant(s) as well as polymer jacket, if any.
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An alternative strategy is to use a jacket polymer or other material that possesses
refractive index lower than that of silica in the wavelength range of interest (specif-
ically the wavelength range in which the uorescing molecules are expected to emit,
typically in the wavelength range covering the visible spectrum of light)such that
the material composition of this cladding does not introduce any extra uorescence
within the aforementioned wavelength range.

If the dopants of current vortex ber are causing this issue, new ber designs with
with non-standard doping materials, such as Aluminum, Phosphorus, or Boron that
are known to have di erent background uorescence properties are worth exploring.

Of course, it is also worth investigating other wavelengths that may not generate
background uorescence spectrally overlapped with the actual uorescence signal of
interest. After all, it is not uncommon to use the same optical ber for the illumination
to collect uorescence in the optical ber imaging community (Flusberg et al., 2005).

Note that the implementation of using vortex ber cladding to detect the uores-
cence has an inherent drawback: the larger collection aperture provided by the ber
cladding (as large as 125m in diameter) means that a signi cant amount of signal
from out-of-focus positions will be collected, thus degrading the sectioning resolution
in the axial direction. Therefore it may be interesting to study the size of the inner
cladding, in order to nd the balance between the signal strength and axial resolu-
tion. However, one should keep in mind that for STED microscopy, strictly speaking,
the confocal con guration is not a necessity to achieve resolution enhancement at
all (Pawley, 2006). In fact, in current STED systems, axial resolution improvements
are almost always achieved by applying a separated depletion beam (with two in-
tense lobes under and above the focal plane) in the axial direction (Wildanger et al.,
2009b). In this sense, the development of ber-STED systems would still bene t from

detecting the uorescence through the ber cladding.
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7.2.3 Time-Gated Fiber STED

One possible and straightforward improvement on current ber-STED systems is to
implement the time gating scheme for uorescence detection. This requires a pico-
second pulsed laser as the excitation source. Both CW and pulsed STED lasers could
be used depending on the OAM mode excitation methods to be employed. Generally
speaking, for tLPG OAM excitation, CW STED laser sources are recommended due
to the narrow bandwidth of the grating. Although broader bandwidth, for exam-
ple 10 nm, can be obtained by fabricating a chirped tLPG. This usually requires a
complicated recipe development.

Note that time-gating may also bene t the background uorescence suppression,
provided that the background light is close to instantaneous or has shorter life-time
than typical dyes do, so that it can be e ectively Itered out in the time domain.

The time-gated detection can be implemented either by expensive time-correlated
single photon counting (TCSPC) cards (Auksorius et al., 2008; Vicidomini et al.,
2011), or customized fast gated detectors (Herrandez et al., 2015), or generic eld-
programmable gate array (FPGA) based hardware (Gorlitz et al., 2014). They all
have advantages and disadvantages: TCSPC cards have very high time resolution and
it can measure the life-time information of the uorescence but usually comes with
high price (Becker, 2005); The customized fast gated detectors are straightforward
way of implementing the time gating, but are still in development and exist mostly
in research labs (Tosi et al., 2011). Among these techniques, the fast emerging one
is the FPGA-based solution because it provides virtually real-time image display as
changing the time gate delayly (from 100 ps to 2 ns), and the detection window

(see Fig. 65 for schematic timing diagram).
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7.2.4 GRIN Objective Integration

One important aspect of endoscopic imaging is the integration of micro-optics such
as gradient index objectives into ber uorescence imaging systems (see for example
(Flusberg et al., 2005; Llewellyn et al., 2008; Rivera et al., 2011) and many more).
The study of such an integration is de nitely among the most important directions for
the ber-STED endoscopy research. To this end, the rst logical and practical step
would be to study the propagation of higher order modes in such a GRIN objective,
and then test the corresponding point spread functions. The initial experiment can
be done without physically attaching the GRIN objective onto vortex ber output by
optical glue. For example, an objective lens with matched NA with the GRIN lens
can be used to couple the collimated beams (fundamental and OAM modes of the
vortex ber) into the GRIN objective [see Fig.72 (b) and (c)].

Figure 72 (a) shows a photo of the GRIN objective we have initially tested

(NA=0.8, GT-MO-080-0415-488, GRINTech, Germany). This setup will allow for

Figure 7 2: (a) Photo of a high NA GRIN objective lens. (b)
Schematic of setup for characterizing the GRIN lens. (c) Photo of
the setup.

the full characterization of the GRIN high NA objective. Further research could be
focused on choosing a GRIN spacer placed between the ber tip and the GRIN ob-
jective, and precisely aligning them along the optical axis such that the OAM beams

do not get distorted by aberrations caused by misalignment.
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Appendix A

Vectorial Diraction Derivation
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Appendix B

Gold and Fluorescent Beads Sample
Preparation

1. Gently mix stock solution of uorescent (FluoSpheres, 5% solids, Invitrogen,
USA) or gold beads (0.2 mg/ml, Cytodiagnostics, Canada) to distribute evenly.
Dilute the beads correspondingly (concentrations see below). Shake or vortex

to mix well.

2. Clean a #1.5 coverslip (nominal thickness of 170m) with ethanol, and then

with deionized water, and allow to air dry in a clean dust free environment.

3. Immerse the coverslip into Poly-L-Lysine solution, 0.1% (w/v) in HO (Sigma-

Aldrich) for 10 min.
4. Rinse with deionized water.
5. Put 200 | beads solution onto the coverslip.
6. Wait 10 min to let the beads absorb to the coated coverslip.

7. Rinse again with deionized water, and let it air try in a clean dust free environ-

ment.

8. Clean a standard microscope slide with ethanol and add 15 of glycerol onto
the center. Put the coverslip beads-side down onto the glycerol drop. Wait till

the glycerol spreads out to the edges.
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9. Seal all edges of the coverslip with nail polish.
10. Wait till the nail polish to dry completely.

11. Beads slides can be used for up to 2 weeks as long as they are kept clean in
dark.

Typically, the optimal beads concentrations would be 1:20000 - 1:40000 for Flu-
oSpheres, 5% solids uorescent beads solution. Make a series of concentrations, i.e.
1:10000, 1:20000, 1:40000, 1:80000, help on identifying individual bead in the eld of
view without Airy rings from nearby beads.

Alternatively, spreading 1 | of neat beads solution as thinly as possible on the
coverslip and let dry completely, gives a mixture of sparse spread beads and bright

clusters of densely packed beads which can help in nding the focal plane.
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Appendix C

Immersion Oil for the Objective Lens

Figure C 1: Measured point spread function in the axial direction
using (a) Olympus immersion oil Type-F, n=1.518; and (b) Cargille
immersion oil mixture, n; = 1:524 andn, = 1:520 with a volume ratio
of 25:75
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Appendix D

More Characterizations on  g-plate

Free-space mode conversions

According to Eq. (4.9), the output eld is a superposition of a Gaussian beam of
the same polarization as the input and an OAM beam of the opposite polarization,
with topological charge 2| of the OAM beam determined by input polarization. The

weight of the Gaussian beam is then given by:

1 P
| gau / éjl +¢e j?=cos’ - (D.1)

Similarly, the weight of the OAM beam (that after being converted into a spin-
orbit aligned state, can be used as STED beam) produced at the output also oscillates
with , In a manner complementary to the weight of the Gaussian. Note that
is a function of the di erence in the extraordinary and ordinary refractive indicese
and n,, corresponding to linear polarization states and ¥, respectively. Thus, it is a
function of both bias applied on the LC, and wavelength. Speci cally, we could write
the wavelength dependence of as a Taylor series about some central frequendy,

(Ramachandran, 2005):

(Vi) = kd:d% ng(V;15o) + L

5 K 12:::0( 1'M)] (D.2)

wherec is the speed of light in free space,k = (ne n,) !=c, d the thickness of the

g-plate, ! =1! !, ngthe group index di erence betweerx”and ¥, k%is the
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di erence of the second order derivative of the wavenumbers (i.e. di erence in group-
velocity dispersion between the two polarization axes { see Ref. (Ramachandran,
2005) for more details), andO( ! ") represents higher order corrections. Ignoring
GVD e ects, and utilizing Eq. (D.1) and (D.2), it becomes clear that the phase re-
tardation is oscillatory with frequency, with the oscillation period ! , being directly

related to dispersive characteristics of the liquid crystal by:

(D.3)

Figure D 1: Measuring the extinction ratio (ER).

To quantify the extent to which the beam is Gaussian-like or carries OAM, we start
by noting that, at the beam center, only a Gaussian beam can contribute to a non-zero
intensity value. Hence, we de ne an extinction ratio (ER; zero for an OAM, and unity
for a Gaussian mode) by measuring the ratio of the intensity at the beam center (see
Fig. D 1), with and without the g-plate in the beam path. This ER is recorded as we
change the wavelength of the input beam from a laser with full width half maximum
bandwidth (FWHM) of 3 nm (Solea, PicoQuant, Germany) Fig. D2 shows one such
curve for 1.18 V bias. We see that (1) for a certain bias, the output is Gaussian at one

wavelength (e.g. 5321m, see the green mode image), and OAM at another (e.g. 647
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Figure D 2: Extinction ratio as a function of wavelength, with bias
of 1.180 V. OAM (red) and Gaussian (green) mode images are also
shown. The green dashed vertical lines mark out the wavelength range
over which a Gaussian beam PSF can be obtained. Inset: the ER of
the donut PSF as a function of wavelength. Red arrows indicate the
-13 dB bandwidth (BW).

nm, see the red mode image); and (2) the oscillation frequency (see Eq. (D.3), and
2 ! ,=2is depicted in Fig. D2) appears unchanged over this wavelength range (480{
700nm). This implies that the di erence, between the two orthogonal polarization
axes, in group velocity dispersion and any other higher order dispersive teriaisk®

d O( ! M) is negligible, consistent with the expectation that group-velocity dispersion
di erences between two polarization axes would be small in a thin birefringent wave
plate. Therefore, it is safe to rewrite Eq. (D.2) as = d=c ng(V;!,) !, hence
the ER is oscillatory with frequency, with period !, such that (V; !p)=

Combining the above equation and Eq. (D.1), and by tting the data (measured at
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Figure D 3: (a) OAM full-conversion wavelength (and frequency) as
a function of the g-plate bias; (b) Full-conversion period in frequency
as a function of theg-plate bias.

several biases) to cd¢a! ) (solid line in Fig. D 2), where!= 2 is the optical frequency
and a is a tting parameter, we can calculate ng for the LC wave plate. For di erent
biases, OAM beams with 98.4% purity (-18 dB ER) may be obtained across the
visible spectral range (the mode purity, and hence absolute value of the ER, may
well be higher | the dynamic range of our camera limits measurements to 18 dB).
Figure D 3 (a) plots the wavelengths at which full OAM mode conversion (ER 0 in
linear units, 1 in dB) occurs, versusg-plate bias voltage. Note that for certain
wavelengths,\pure” OAM modes may be created at multiple bias voltages, reinforcing
the oscillatory behavior predicted by Eq. (D.1). The spectral period at which OAM
modes are created, as a function of bias voltage, is shown in Fig3¥b), and reveal
the dependence of the group-index birefringence on applied bias voltage.

Figure D 3 (a) and (b) suggest the methodology by which one may nd the pairs
of wavelength at which, for a given input beam andj-plate bias, one could obtain
a STED (OAM) and Gaussian beam simultaneously. The bias is tuned to the wave-

length at which a \pure" STED beam results, as deduced from Fig. B3 (a), and it
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is expected that at a spectral position that is 1/2 the oscillation period for this bias
(as determined from Fig. D3 (b)), one would obtain a Gaussian beam. This yields
a single-aperture STED illumination setup that is tunable across the visible spectral
range, though with restrictions on the wavelength separation between the STED and
Gaussian beams. As shown in Sec. 6.2.4, the system is, in fact, signi cantly more ad-
justable/tunable because while Fig. D8 traces the spectral positions at which highly
pure STED or Gaussian beams are obtained, there is a nite bandwidth over which

the beams remain useful for STED.

Excitation PSF bandwidth

We take free-space mode images and measure the corresponding PSFs at di erent bias
settings. Fig. D4 shows the line-cut pro les, mode images and PSFs are obtained,
and Fig. D 1 discussed how to obtain the ER of a beam. The Gaussian-ness of our
beams is quanti ed by noting that a perfect Gaussian beam, under high-NA focus, will
result in a PSF that is a Jinc function. Thus, we may de ne an overlap integral (OL)
between line-cuts of the experimentally measured PSFs, with appropriately resized
Jinc functions (Fig. D 1).

We note that when the ER is better than -3 dB (i.e., more negative value), the
OL varies only <1% from that of a pure Gaussian beam. No central intensity drop
is observed, and the size of PSF only changes k80 nm. In contrast, as the ER
drops below -7 dB, a central dip of about 22% intensity drop becomes evident, and
the OL drops by about 5%. Thus, we set -3 dB as the ER at which to describe a
beam as being Gaussian enough for the purposes of STED microscopy, and we nd
such a Gaussian like beam may be obtained over as large a bandwidth as60(see

Fig. D 2).
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Figure D 4: Dashed blue curves: the ideal Jinc function. Scatter lines:
line-cut pro les of measured PSFs (bottom insets). ER: extinction ratio
obtained from free-space mode image (top insets); OL: overlap integral
between the scatter line and the Jinc function.

PSFs at other wavelength combinations

Besides the results we show in Sec. 6.2.4, PSFs at other wavelength pairs are also
measured. Speci c wavelengths are chosen based on commonly deployed uorescence
dyes in order to test the feasibility of our system to be applicable for a range of STED
microscopy applications. Fig. D5 shows the measured overlapped PSFs (with false
colors corresponding to the respective wavelengths of illumination) in the lateral and
the axial planes.

We note the following: (1) for the STED beams, all pairs have extinction ratios

better than -13 dB, as required for STED nanoscopy, indicating the high quality of
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donut PSFs generated in our system across a wide spectral (RGB) range; (2) for each
wavelength pair, PSFs of the excitation and STED beams are well aligned both in the

lateral and the axial plane, which addresses the co-alignment challenge of currently
deployed STED systems. It is also expected that since two colors originate from the
same single mode ber aperture, they will be much less susceptible to environmental
changes compared to systems using two distinct sources; (3) other than changing
the g-plate bias settings, no optical re-alignment is needed for switching between

wavelength pairs.
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Figure D 5: Overlapped PSFs of excitation and STED beams at mul-
tiple wavelengths (at corresponding bias settings for the-plate). Blue
traces are line-cut pro les along the center of donut PSFs, and inset
numbers describe the STED wavelength and the PSF extinction ratio
in dB. Scale bars: 500 nm.
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Appendix E

STED Imaging of Biological Samples

Figure E 1: Absorption and emission cross-section of Atto647N dye.

HeLa cells sample with tubulin labeled by the ATTO647N dye (Atto-Tec GmbH,
Siegen, Germany; see [ for its spectral properties) was prepared and imaged with
our half ber-STED system. No dramatic resolution enhancement has been observed
as shown in Fig. E2.

The same cells sample was also imaged with our full ber STED system, and
the results are shown in Fig. E3, where signi cant background in both confocal and
STED images is evident. In Fig. E3 (b), the features can hardly be recognized due

to the poor signal to noise (or background) ratio.
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Figure E 2: Hela Cells with Tubulin labeled by ATTO647N imaged
by the half ber-STED system. Scale bar: 2m

Figure E 3: Images of HeLa Cells with Tubulin labeled by ATTO647N

in (a) Confocal and (b)full ber-STED modes. (c) The line-cut pro les
along the white dashed lines show the signal drop and uorescence
background. Scale bar: 5m
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