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Investigation of Bragg Gratings in Few-Mode Fibers with a Fem-
tosecond Laser Point-by-Point Technique

Tong Qiu

(ABSTRACT)

The higher-order modes (HOMSs) of an optical fiber has been demonstrated as a new dimen-
sion to transmitting signals with the development of mode-division multiplexing (MDM)
technique. This dissertation aims to explore the HOMs as an extra degree of freedom for de-
vice innovation. In particular, with femtosecond (FS) laser point-by-point (PbP) inscription
technique which opens up a unique possibility to explore the HOMs for device innovation,
we design, fabricate, and characterize novel-structured fiber Bragg gratings (FBGs) written
in the step-index two-mode fibers. We also develop a numerical model for the PbP gratings
which has the potential for inverse design problem.

Chapter 2 begins with a general framework of MDM with adaptive wavefront shaping in
few-mode fibers (FMFs) and multimode fibers (MMFs), followed by two examples in slightly
more detail. The fabrication setup and an short overview of the FS laser system will also be
covered.

In Chapter 3, we show the design, fabrication, and characterization of off-axis Bragg gratings
in a step-index two-mode fiber (TMF). Through measuring the transmission and reflection
spectra along with the associated reflected mode intensity profiles under different input
polarization, we experimentally investigate the off-axis TM-FBGs (FBGs in a TMF) with
multiple characteristics reported for the first time to our best knowledge. To highlight,
we report the laser-induced birefringence exhibits strong offset dependence, the reflectivity

heavily depends on the offset and polarization, and particularly the mode pattern can be



controlled solely through polarization.

The design and characterization of cross-axis TM-FBGs are presented in Chapter 4. Specif-
ically, these gratings show six primary reflection peaks, which are identified through mode-
decomposition based on the intensity profiles through nonlinear optimization problem. We
also show in this chapter the development of a numerical model for the general PbP grat-
ings, implementation of this model into standard coupled-wave analysis shows reasonable
agreement to the experimental findings.

In Chapter 5, discussions and suggestions for future studies are given.



Investigation of Bragg Gratings in Few-Mode Fibers with a Fem-
tosecond Laser Point-by-Point Technique

Tong Qiu

(GENERAL AUDIENCE ABSTRACT)

The higher-order modes (HOMs) of an optical fiber has been demonstrated as a new
space for signal transmission, in the “mode space” one can use the modes as distinct multi-
plexing channel and therefore increase the data capacity of a single fiber. This work aims to
explore if the the higher-order modes can also add some extra degree of freedom for device
innovation. In particular, we use femtosecond (FS) laser point-by-point (PbP) technique for
device fabrication, since the structural change induced by this fabrication methods is highly
localized, typically ranging from a few hundred nanometers to a few micrometers. Hence
this particular fabrication technique offers a unique possibility of exploiting the HOMs for
device innovation. In this work, we fabricate, and characterize fiber Bragg gratings (FBGs)
with novel structural designs written within the step-index two-mode fibers, with multiple
characteristics reported for the first time as far as we know. We also develop a numerical

model for the PbP gratings which has the potential for inverse design problem.
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Chapter 1

Introduction

1.1 Motivation

Recently, few-mode fibers (FMFs) and multimode fibers (MMFs) have seen significant at-
tention for their applications in optical communication, sensing, and imaging, mainly stim-
ulated by the development of the technique of mode-division multiplexing (MDM). Simi-
lar to wavelength-division multiplexing [1] that uses different wavelengths as independent
data-carrying channel, MDM utilizes individual guided fiber modes as distinct multiplexing
channels. To achieve good performance for the MDM-based applications, one must develop
strategies that can reduce the impact of intermodal coupling and control the propagation of
the optical signal along a fiber. My previous work has experimentally realized selective mode
excitation in FMF /MMFs under the framework of adaptive optics (AO), which treats the en-
tire optical system as a black box if a proper feedback signal can be identified, and therefore
requires no prior system knowledge and inherently has higher tolerance to the ambient distur-
bance, as compared to the setups based on computer-generated holography, pre-calibration
of transfer matrix, digital phase conjugation [2, 3, 4], etc. In short, researchers including us
have demonstrated that the fiber modes can add a new dimension (from the “mode space”)
to further pushing the limit of data transmission capacity. However, to the best of our
knowledge, it remains almost-unexplored whether the fiber modes can also introduce extra

degree of freedom for device innovation from the fabrication point-of-view.
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In general, to exploit in the “mode space” of the optical fiber from the angle of device
fabrication, one needs to employ a certain fabrication technique with featured footprint in
the level of a few micrometers. This is because the fiber core where the guided modes are
mostly presented typically ranges from ~4 pm to ~100 pm, it is likely that only a footprint
with comparable or even smaller featured size is capable of distinguishing varied fiber modes.
Consequently, thanks to the multi-photon process and ultra-short pulse duration [5], fem-
tosecond (FS) laser point-by-point (PbP) inscription technique opens up a unique possibility
of experimentally investigating the potential extra-dimension of device innovation added by

the higher-order modes (HOMs) of the optical fibers.

Fiber Bragg gratings (FBGs) are one of the key passive components for various optical
systems ranging from telecommunication, fiber sensing, to fiber laser technology [6, 7, 8,
9, 10, 11, 12, 13, 14, 15, 16], etc. In general, an FBG is created by periodic perturbations
to the fiber along the propagation direction, hence its spectral response can be featured
by one or multiple narrow-band reflection peaks, depending on the number of modes that
can interact with the periodic structure; the reflection peaks are formed by either the self-
coupling of an individual mode, or by the cross-coupling of two modes, as a result of phase-
matching condition [17]. Furthermore, there are primarily two conditions that can quantify
the spectral response of an FBG, one is the phase-matching condition that involves the
grating pitch and determines the spectral location of the reflection peak. The other one, of
our particular interest, is the 2D integral of the transverse overlap between the perturbation
and the electric fields of the two fiber modes being studied, the two modes can be the same
or not. The HOMs, with varied spatial distributions, can therefore induce variations to the
2D integral, and hence have the potential to modify the properties of an FBG. In addition,
the FBG in FMF/MMFs are also a natural mode separator which has been demonstrated

for MDM-based applications as outlined in one of my previous work [18].
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1.2 Summary of dissertation

This work aims to demonstrate the HOMs of an optical fiber can add a new dimension
to device innovation. In particular, with FS laser PbP inscription technique, we fabricated
and characterized FBGs with novel structural designs in a step-index two-mode fiber (TMF),
with multiple characteristics reported for the first time to our best knowledge. Specifically, to
fully characterize the HOMs, we designed and constructed a free-space spectrometer/imaging
system that can deterministically control the wavelength and polarization of the incident
beam, and alter the excitation conditions at the input end of the TMF. We also developed a
numerical model of PbP gratings that can be used for the synthesis of PbP grating with more
complicated structural design and more fiber modes involved. It should be noted that we
present our results on the basis of Linearly-polarized (LP) mode group but with polarization
and spatial degeneracies considered, as a balance between the LP approximation and the

true vector eigenmodes [19].

This report is organized as follows:

o Chapter 2 gives a brief overview over the general principles behind MDM under the
framework of AO with two examples in slightly more detail, followed by another

overview over the F'S laser system we used for fabrication.

o Chapter 3 contains detailed characterization results of the off-axis TM-FBGs, as well
as qualitative analyses on the gratings based on finite-difference time domain (FDTD)

simulation conducted with commercial software.

o In Chapter 4, we show the experimental measurements of the cross-axis TM-FBGs as

well as the development of a numerical model for the PbP gratings.

o Chapter 5 describes the conclusion and future work.
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Chapter 2

Research Background

We start this chapter with a brief overview over the general principles behind mode-division
multiplexing (MDM) under the framework of adaptive optics (AO) in few-mode and multi-
modes fibers, with two examples in slightly more detail. We then give an introduction to

the F'S laser system (Coherent Libra series) we used for FBG fabrication.

2.1 Mode-division multiplexing with adaptive optics

Optical fibers are one of the key components in various optical systems, ranging from telecom-
munication, fiber sensing, biomedical imaging, to fiber laser technology, etc. In order to im-
prove the data transmission capacity of a single optical fiber, several multiplexing techniques
have been proposed and studied since decades ago, such as wavelength-division multiplexing
and time-division multiplexing [1, 20]. Recently, few-mode fibers (FMFs) and multimode
fibers (MMFs) have attracted renewed interest with the development of MDM technique,
which utilizes individual guided fiber mode as distinct multiplexing channel [21, 22]. An
extension of such concept to fiber sensing results in simultaneous multi-parameter sensing
23, 24], provided that individual fiber mode can respond differently to the ambient en-
vironment. However, one of the practical issues one need to address for the MDM-based
applications is the random and unpredictable inter-modal coupling which can significantly

complicate the data processing [25]. It is therefore desirable to have the capability of con-

5
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trolling the propagation of optical signals in the fibers.

To date, numerous mode control techniques have been successfully demonstrated, such
as those based on computer-generated holography [2, 26], phase plates [21, 22], photonic
lanterns [27, 28], and fiber Bragg gratings (FBGs) [18, 29], to name just a few. Adaptive
mode control treats the entire optical system as a black box with a proper feedback signal
pre-defined, and hence requires no prior system knowledge. Furthermore, it inherently has
higher tolerance to the ambient disturbance since the feedback is provided by the ambient

environment and can be updated in real time.

Figure 2.1 depicts a schematic of a general adaptive mode control system, where a spatial

light modulator (SLM) is used for adaptive wavefront shaping. In particular, a collimated

Wavefront Shaping Adaptive Optics (feedback) Mode-Division Multiplexing

i )
i o
: ””‘ u -
‘oo’
N, ie O)
““ m

Figure 2.1: Schematic of adaptive mode control system in general. SLM: Spatial light
modulator.

air ' pfiber pfiber
Ein IEin Eout

BLACK BOX

incident beam EJ'M is modulated on the surface of an SLM displaying certain “phase map”
(illustrated as the blocks in gray scale, colors represent different phase shifts). The collimated
beam is then transmitted into the “black box” which is an optical fiber with a focusing lens
in our case. Certain output of the black box is detected and monitored in real time, and
in turn it can provide a feedback signal to the spatial light modulator (SLM) to update the

phase map shown on and modulate the optical wavefront in an adaptive manner.
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2.1.1 Wavefront shaping and selective mode excitation

We now give a brief derivation of the mathematical relationship between the phase map on
the SLM and the selective mode excitation at the fiber output end, this derivation is general
regardless of the feedback signal one might be using. We may start with the spatial light
modulator, which shows a block-wised phase map. A block represents a group of identical
pixels for the SLM based on nematic liquid crystals [30], or an individual actuator for the
ones based on micro-electromechanical system (MEMS) [18]. The phase map can in general

be expressed as

Vi(z,y) = wsk(z,y), (2.1)

where vy, is the phase shift of the k-th block of the SLM, taking the form of exp(jgy) for
a phase-only SLM; si(z,y) is a logic function, true for and only for the regions within the

k-th block:

1 (z,y) within the k-th block

0 otherwise.

The modulated beam reflected off the surface of the SLM is therefore:

ESM(z,y) = ESMV (2, y)

out

N
—E3MY vsi(e,y) (2.3)

where E(z,y) signifies the collimated beam incident on the k-th block of the SLM, which

is expressed as

Ep(z,y) = B si(z, ). (2.4)
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Without loss of generality, here we assume a collimated beam after phase modulation, and
only consider the focusing of the lens and Fresnel diffraction between the lens and the fiber

input, the optical field in free-space right before coupled into the fiber is therefore:

out

i vl [Ek(x, y)} :

E(e',y) = LB (2, )]
(2.5)

LL[.] denotes the linear transformation of the focusing lens with transmittance ¢(z,y) and the

Fresnel diffraction in free-space:

k
Ej(z,y)t(x, y)eXp{J2

L[Ex(z,y)] =

])\z (2" —2)* + (¢ —y)*] } dx dy. (2.6)

Such an optical field E&T is then coupled into the eigenmodes of the fiber under test, and

hence the optical field right after coupled into the fiber can be expressed as

M
Eflber _ Z nen z y
= 2.7
== Z en(x/7 y/) Z Vi Qkn,
n=1 k=1

in which ¢, describes the coupling strength of the incident free-space field to the n-th eigen-

mode with electric and magnetic fields respectively denoted as e, and h,,:

// EX (2 y) x hi (', y)) - €. da’ dy, (2.8)

and accordingly, the coefficient ag, can be expressed as

= //]L[Ek(x,y)] x h* (2, y) - €, dx dy. (2.9)
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The output optical field of an ideal fiber can hence be obtained by multiplying a corre-
sponding constant phase term exp(jf3,z) to the n-th eigenmode, here we implicitly include
such phase shifts in to the ag,. The ultimate output fields of the optical fiber Efiber(z/ y)
therefore takes similar form as (2.7), which is a linear superposition of the fiber eigenmodes,
weighted by the block-wised phase map V' (z,y) of the SLM. For example, for an optical fiber
supporting 3 modes, and an SLM with 2 blocks, we can write:

Egl?ter = (a11v1 + a19v9)e1 + (a91v1 + agvs)es + (az1v1 + assvs)es. (2.10)

2.1.2 Examples of adaptive mode control in FMF/MMFs

In this section, we present two examples using different feedback signals to adaptively mod-

ulate the optical wavefront of the incident beam as shown in Fig. 2.1.

Feedback based on the image correlation

Figure 2.2 shows the schematic of the adaptive mode control system based on image corre-
lation. A single mode fiber-coupled laser diode at 660 nm is generates a continuous wave. A
liquid-crystal-based SLM (active area: 6.2mm by 6.2mm, 9 by 9 blocks) is used for wavefront
shaping via varying the effective refractive index seen by the incideny beam. Accordingly,
a linear polarizer is required, as the SLM requires alignment between the polarization of
the incident beam and the slow axis of the liquid crystal molecules to achieve the optimal

performance. The near-field at the output end of the fiber is captured a CCD, based on
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Laser

SLM

T Computel K= = = = = = = = = _

Figure 2.2: Schematic of the experimental setup. A/2: Half-wave plate; P: Linear polarizer;
SLM: Phase-only spatial light modulator based on liquid crystal.

which we define the feedback signal as

> (Lo(z,y) — Io) (In(z,y) — Ik)
fk) =1—- —== — —, (2.11)
xEy (IO<5U’Z/) - [0) > (Ik($, y) — Ik)

x?y

where (x,y) represents the pixels of the CCD, I, is the intensity profile of the target mode
(or mode superposition), I} denote the captured image. f(k) varies between 0 and 1, when
f(k) =0, Iy and I are identical regarding their shape and relative intensity, our goal is
therefore to minimize this feedback function. We sequentially modulate the phase map on
the SLM block by block. At each block, we tune the phase shift at discrete value between
0 and 27, for each of the phase shift we calculate f(k), and keep the phase shift that has
the minimum f(k) value for this particular block. After all the blocks are updated once, we

start a new cycle, and repeat the block-by-block and stepwise phase shifting.

A four-mode fiber (SMF28) and a step-index seventeen-mode fiber (19 pm core diamter,
NA: 0.12) are tested, both fiber are ~ 2 m long. The optimization results after nine opti-
mization cycle are shown in Figs. 2.3 and 2.4, respectively. The initial and optimized fields

are captured by the CCD, the target is the intensity profile of the desired LP mode calculated
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in prior with MATLAB. As an instance, we display in Fig. 2.5 the optimized phase map

(a) LPq; LPiia LPiy LPy; LP,. LP21

Initial

Target

Optimized

(b)

Initial

Target

Optimized

Exp2

Figure 2.3: Selective mode excitation in a step-index four-mode fiber for (a) Expl and (b)
Exp2 with different initial fields.

displayed on the SLM for the selective excitation of the LP+11a. White represents ~ 27

phase modulation and black for 0.

In Figs. 2.6 and 2.7, we show the evolution of the feedback function during the opti-
mization process. Note that the seventeen-mode fiber in general has a higher value of the
optimized f(k), this is primarily because we used the same 9 by 9 blocks (refer to Fig. 2.5
for example), whereas as suggested by Eq. (2.7), for an optical fiber with more modes, a

more complicated weights combination and hence more SLM blocks are desired.
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Initial

Target

Optimized

Figure 2.4: Selective mode excitation in a step-index seventeen-mode fiber.

(2) (b)

Figure 2.5: Representative phase maps after optimization for the selective excitation of the
LP+11a in (a) Expl and a clip of the functioning area in (b) Exp2. White: ~ 27: black: 0.
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Figure 2.6: Variation of the feedback function during nine optimization cycles for the four-
mode fiber in Expl.
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Figure 2.7: Variation of the feedback function during nine optimization cycles for the
seventeen-mode fiber.
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Feedback based on the FBG

In addition to the image correlation, the feedback function in Fig. 2.1 can also take other
forms. For example, in Fig. 2.8, the feedback function is defined as one proportional to the

optical power reflected by the MM-FBG (FBG in an MMF). In this case, an MEMS-based

DM BS2 L2 L3 BSI1

FBG
l MMF l

5 L4

Tunable :
Laser | oS

Figure 2.8: Experimental setup for MM-FBG-based adaptive mode control. DM: Deformable
mirror; L1: Collimator, NA = 0.24; PD: Photodiode; L2 and L5: 10x objective lens, NA =
0.25; L3: 100x objective lens, NA = 0.9; L4, 20x objective lens, NA = 0.4.

deformable mirror(DM) is used for wavefront modulation through inducing optical path
length variation. The DM has 12 by 12 independent actuators (140 active and 4 inactive at
four corners) in total, each actuator covers an area of 400 pm by 400 pm. The collimated
beam is modulated by the DM and then coupled into the MMF (~1.2 m in length) with
an FBG inscribed near the output end. The transmitted signal is captured by a photodide
(PD1) and a camera; while the FBG-reflected signal is detected by another photodiode
(PD2). The feedback function F' is therefore defined as P»/P; (the optical power detected
by PD2 over that of PD1), which physically represents the optical signal reflected by the
grating normalized to the total transmitted power. The normalization is to mitigate the
undesired wavefront modulation aiming to optimizing the Fresnel reflection. In this case,
our goal is to maximize the feedback function. To do so, we first fix the wavelength to the

Bragg wavelength of the desired mode to be excited. In Fig. 2.9, we show a typical reflection
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spectrum of an MM-FBG, note that this MM-FBG measured in Fig. 2.9 is not the MM-FBG
we used in Fig. 2.8, but those two have similar spectral response. As revealed in Fig. 2.9,

3 - Graded-Index MMF (D50/125) (3rd-order, A =1.614 um)

.l\)
(9]
1

)\k:" -

Reflection (a.u.)
TR
| |

—
1

=)
(V)]
|

O T T T T T T T T T T
1556 1557 1558 1559 1560 1561 1562 1563 1564 1565 1566
Wavelength (nm)

Figure 2.9: Representative reflection spectrum of an FBG inscribed in a graded-index MMF.

multiple reflection peaks are presented, each peak corresponds to either the self-coupling of
one mode or the cross-coupling of two modes. For example, at the Bragg wavelength of the
self-coupling of the k-th mode A\, as marked in the plot, ideally, only the k-th mode can be
reflected, all other modes propagate as in a pristine fiber. Therefore, if the reflection at A
is maximized, the proportion of the k-mode will be maximized accordingly. Since the FBG
is close to the distal end of the fiber, the near-fields of the fiber will be dominated by the

k-th mode.

With similar sequential update of the phase map on the DM as in section 2.1.2, the
resulting selective mode excitation is shown in Figs. 2.10-2.12, where “Init.” represent the
initial optical fields, and “Opt.” the optimized optical fields. Unlike the step-index four-
and seventeen-mode fibers in which we can selectively excite an LP mode, for the graded-
index highly MMFs, the LP modes with similar propagation constant are further grouped into
degenerate-mode groups. Presented in Figs. 2.10-2.12 the three mode orders (N =1, N = 4,

and N = 8) are referring the degenerate-mode groups, whose intensity profiles are physically
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Triall Trial2 Trial3 _ Trial4

Figure 2.11: Results of adaptive control of degenerate-mode group N = 4 (intermediate-
order).

Triall Trial2 Trial3 Trial4
N=8 | Init Opt. | Init. Opt. Init. Opt. | Init. Opt.

Figure 2.12: Results of adaptive control of degenerate-mode group N = 8 (high-order).
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Figure 2.13: Representative phase map after optimization for Exp3-Trial2-Run2. White:

~ 2m: black: 0.
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Figure 2.14: Variation of the feedback function during nine optimization cycles.

2.2 FS laser PbP inscription

In addition to serving as the mode separator for MDM-based applications, FBG itself has

also been widely used in numerous optical systems as spectral filters, wavelength selectors,



18 CHAPTER 2. RESEARCH BACKGROUND

and sensing elements [31, 32, 33, 34, 35, 36, 37]. FBGs are conventionally fabricated by
ultraviolet (UV) irradiation after photo-sensitization (hydrogen loading) [38]. With a phase
mask [39], the resulting UV-induced structural change is typically continuous along the
grating length and uniform across the core region in the transverse plane perpendicular to
the fiber axis; even with point-by-point (PbP) inscription using an excimer laser reported in
1993 for the first time [40], the UV irradiation still results in a large laser-modified volume.
Unlike the aforementioned conventional FBG inscription methods, femtosecond (FS) laser
PbP technique [41] leads to highly localized structural change, typically at the level of a few
hundred nanometers to a few micrometers, and hence offers the possibility of exploring the

potentially novel properties induced by the varied spatial distributions of the higher-order

modes (HOMs).

2.2.1 Experimental setup for FBG fabrication

Figure 2.15 presents the schematic of the experimental setup used for FBG fabrication in
this work. A Ti:Sapphire (TS) FS laser with an additional regenerative amplifier (also based
on TS rod) operates at a center wavelength of 800 nm. A Gaussian beam pulse chain (beam
waist: 3 mm; pulse width: ~ 100 fs) is emitted with repetition rate (f.p) set at 500 Hz. A
linear polarizer is used to control the polarization of the pulse chain, and a half-wave plate
(A/2) is employed to fine-tune the energy per pulse accordingly. The single-pulse energy is
tuned to 128 nJ, which is slightly above the damage threshold of the glass induced by a single
pulse but without significant cracks [42]. The pulse chain is then focused into an optical fiber
by an oil-immersion objective (100x, NA: 1.25). The index of the oil is chosen primarily to
match the refractive index of the cladding of the fiber (after removing the coating) [43]. The
fiber under fabrication is mounted on an air-bearing translation stage, which can tilt around

z- and y-axes and linearly translate in x-, y-, and z-axes, as shown in the figure. A periodic
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Figure 2.15: Schematic of the experimental setup for FBG fabrication. A/2: half-wave plate.

structure can therefore be induced into the fiber by traversing the stage at a constant speed
Ustage along certain direction, depending on the specific structure. The grating pitch A can
be identified through

A = Ustage (2.12)

B frep .

In the meantime, the inscription process is monitored in real time through a transmitted
bright-field optical microscopy system, this system is constructed by a blue LED, the same
objective lens used for fabrication, and a CCD camera, separated from the FS pulses by a

dichroic mirror.

2.2.2 Overview of the FS laser system (Coherent Libra)

The FS laser system we used consists of three major parts, a seed laser, a regenerative

amplifier, and a system of chirped pulse amplification [44]. In this section, we provide a
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short overview of the three sub-systems.

Seed laser

The seed laser consists of two major parts, a TS rod as the gain medium and a pump laser.
The pump laser is based on the Nd-doped Yttrium Orthovanadate (Nd:YVO4) as the gain
medium pumped by 808 nm laser diodes. Nd:YVO4 generate continuous wave at 1064 nm
after certain frequency filtering; through second-harmonic generation in an LBO crystal, the
emitting wavelength is halved to 532 nm. The 532 nm continuous wave is used for optically
pumping the TS rod. TS crystals possess a relatively broad gain profile thus enabling the
generation of ultrashort pulses. In addition, mode-locking is also required for ultrashort pulse
generation in order to have all the longitudinal modes interfering constructively. In general,
mode-locking can be achieved by periodic loss modulation, which at the same frequency of
the spectral spacing of the longitudinal modes. One may qualitatively interpret the loss
modulation as a trigger that enables the coupling of adjacent longitudinal modes, with gain
competition, it ultimately leads to phase-locked longitudinal modes. The resulting pulse
chain from the seed laser has repetition rate at 80 MHz, pulse width of ~100 fs, average

power greater than 250 mW, and is horizontally polarized.

Regenerative amplifier

The regenerative amplifier is in fact a cavity containing another TS rod, which is pumped
by a pulsed laser with Nd:LiYF4 as gain medium. Similar to the Nd:YVO4 used for the seed
laser, the Nd:LiYF4 is also optically pumped by laser diodes (AlGaAs). Through acousto-
optic Q-switching at 1 kHz, it emits pulsed wave with high average power at 1053 nm. The

wavelength is then halved by another LBO crystal to 527 nm with sufficient conversion
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efficiency due to the high intra-cavity 1053 nm radiation fluence. The ultimate output of
the Nd:LiYF4 pump laser is a horizontally polarized pulse chain with 1 kHz repetition rate,

20 W average power, and 100-350 ns pulse duration.

The 527 nm pulsed wave then optically pumps the TS rod, which is used to regenera-
tively amplify the seed pulse, the word “regenarative(ly)” represents that the amplification
is achieved by multiple round-trips through the TS rod inside the cavity. In particular, from
the 80 MHz seed pulse chain, the cavity periodically “picks” one single pulse and trap it
inside the cavity. The frequency of the seed pulse picking can be modulated, but it must be
smaller than the repetition rate of the pulsed pump (Nd:LiYF4 for the TS rod used here).
After multiple (usually 8-10) round-trips the amplified seed pulse is then released from the
cavity. One round-trip takes ~9 ns in our system. The trapping of the seed pulse inside the
amplifier cavity is realized by a pair of Pockels cells through modulating the polarization
of the incident beam. The timing control of the regenerative amplification cavity is crucial,
including the synchronization between the pump pulse and the pick-up of the seed pulse,
the time delay between the pump pulse and the gain profile development of the TS rod (i.e.,
timing of the first Pockels cell), number of round-trips inside the amplifier cavity (i.e., timing

of the other Pockels cell), etc.

Chirped pulse amplification

Before the seed pulse enters the regenerative amplification cavity and gets amplified, there
is in fact another important step we skipped in the last part. The seed pulses firstly pass
through a stretcher to broaden its time duration and therefore lower down its peak power.
A stretcher is typically constructed by diffraction gratings that reflect different wavelengths
at different angles and hence different time of flight. With proper designs and precise optical

alignment, the seed pulses after the stretcher is designed to bear no spatial chirp, since the
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spatial chirp is detrimental to the components inside the regenerative cavity and degrade
the pulse quality. In turn, after the amplified seed pulse exits the regenerative amplifier, it
then passes through a compressor as the last step. A compressor is constructed similarly
to the stretcher, but aims to recover the pulse duration of the original seed pulse (~100
fs). Figure 2.16 shows the experimentally measured spectra of the seed pulses before the

stretcher and after the compressor. The full width at half maximum of the red trace is

3000 1 1 1 1 1 1 1
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Figure 2.16: Spectra of the seed pulses measured by a USB4000.

slightly narrower than that of the blue trace, particular at the shorter wavelengths. This can
be due to certain optical misalignment, and might cause pulse width broadening to some

extent.



Chapter 3

Off-Axis TM-FBGs Inscribed with a
F'S Laser PbP Technique

In this chapter, we present the experimental characterization as well as qualitative analysis of
the off-axis FBGs. Nine samples of off-axis FBGs are fabricated including one on-axis FBG
as a reference. Before reporting the results, we first list in Table 3.1 some frequently-used
acronyms in this chapter.

Table 3.1: Descriptions of the Acronyms Frequently Used in Chapter 3

Acronym Description
Direction of the linear polarization of the incident wave is parallel to the

DoLP-L . . o .

spatial long axis of the ellipsoidal damage points

DoLP-S Direction of the linear polarization of the incident wave is parallel to the
spatial short axis of the ellipsoidal damage points

H-FBGs The type of off-axis FBGs with horizontal offset

V-FBGs The type of off-axis FBGs with vertical offset

RIM Refractive index modulation

3.1 Introduction

Fiber Bragg gratings (FBGs) inscribed by focused infrared femtosecond (FS) irradiation are
of great interest in optical sensing and fiber laser applications [6, 7, 8, 9, 10, 11, 12, 13, 14,

15, 16]. The unique properties of such gratings, compared to the conventional ultraviolet

23
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(UV)-inscribed FBGs, stem from the physical mechanisms behind grating formation. For
example, the underlying nonlinear absorption of the laser energy obviates the need of pho-
tosensitization [45] thus enabling grating inscription into almost all types of optical fibers
[13, 46, 47, 48]. Further, the ultrashort pulse duration leads to highly localized refractive
index modulation (RIM) as a result of a-few-femtosecond-long transfer of energy from the
laser pulses to the electrons [49], as well as the fact that the multi-photon process occurs
most likely only within the focal volume of the F'S pulses as it require a high density of pho-
tons in order to have multiple photons hitting a single electron at the same time. Currently,
the most commonly used methods of FBG inscription via FS laser include point-by-point
(PbP) [41], line-by-line [50], and phase mask scanning [51] techniques. Among them, PbP in-
scription takes an added advantage through providing full position control over each grating

pitch.

To date, FBGs inscribed by FS laser PbP technology have been extensively studied for
optical sensing. For instance, in [6, 7, 8|, off-axis FBGs written in single-mode fibers (SMFs)
have been employed for bending sensing. The FBGs in SMFs, limited by their single resonant
wavelength, are usually incapable to sense multiple parameters simultaneously. In fact, such
capability is often desirable, particularly in the situation where multiple parameters are
coexisted and coupled. To overcome this limitation, few-mode fibers (FMFs) and multimode
fibers (MMFs) instead can be used to inscribe the Bragg gratings into. Most of the recent
designs of FBGs in FMF/MMFs written by FS lasers for sensing purpose, however, are
limited to phase mask scanning method [9, 10, 11]. The utilization of phase mask reduces
the inscription flexibility inherent of PbP technique. Furthermore, owing to the chaotic
multimode nature in practice, MM-FBGs suffer severer signal degradation than FM-FBGs
[25] and hence require more sophisticated interrogation techniques. Consequently, FM-FBGs

fabriacted by F'S PbP technique are of our particular interest for optical sensing. It therefore
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necessitates a precise study of such FBGs. FM-FBGs fabricated with phase mask scanning
technique have been studied in [11, 52, 53, 54]. The employment of the phase mask, however,
leads to different grating morphology and thus grating properties compared to the FBGs
fabricated by PbP technique. Moreover, the polarization dependence were not considered in

the aforementioned work.

In this Chapter, we present detailed design and experimental characterizations of the
FBGs inscribed into a step-index two-mode fiber (TMF) with a FS laser PbP technique,
with multiple characteristics reported for the first time as far as we are concerned. The
grating samples are designed to have varied horizontal and vertical offset distances from
the fiber center. Take into consideration the elliptical shape of the RIM induced by FS
pulses [55, 56], we first determine the spatial orientation (i.e., the long and short axes of the
RIM) of each FBG sample via the polar plots of the scattering patterns generated by the
visible light propagating in the fiber with FBG inscribed. By means of polarization control
of the incident wave and image acquisition of the grating-reflected optical signals, we study
the dependence of the transmission and reflection spectra on the offset position and the
direction of linear polarization (DoLP) of the incident continuous laser beam. We note here
that the results below are presented on the linearly-polarized (LP) mode basis, but with
additional consideration of the two-fold degeneracy of the LPy; regarding the polarization
and the four-fold degeneracy of the LP;; (two related to the polarization, two linked to the
spatial distribution), as a balance of the LP mode approximation and the true eigenmodes
(hybrid vector eigenmodes) [19]. To highlight, we report the birefringence induced by the
FS pulses is offset-dependent. We also find that the reflection of the LP;; exhibits strong
capability of polarization discrimination, and it differs in the horizontal and vertical off-axis
FBGs. Moreover, we report that the forward LPg; couples backwardly to the LP;; with

strong preference to only one of the two degenerate spatial distribution of the LP;;, and this
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can be solely controlled by the DoLLP of the incident light.

3.2 Design and fabrication of the off-axis TM-FBGs

3.2.1 FBG design

The schematic of the off-axis TM-FBGs is shown in Fig. 3.1, where the F'S pulses, the core,
and the cladding are out of scale for a better illustration. To be concise, both the vertical
and horizontal off-axis FBGs are shown in the schematic. All damage points are lying on a
straight line parallel to the fiber axis for one off-axis FBG sample. In particular, the damage
points of H-FBGs are in the plane perpendicular to the direction of the FS pulses, whereas
the V-FBGs in the plane containing the pulse direction. We fabricated eight off-axis FBGs
in total, namely, H/V-2, H/V-4, H/V-6, and H/V-8, as well as an on-axis FBG (H/V-0).
The numbers behind the “H” or “V” represent the distance between the damage-point-line
to the fiber axis in the unit of micrometer; the fiber radius is 9.5 pm. All FBGs are 5 mm

long, with grating pitch A = 1.076 pm.

The grating pitch and the Bragg wavelength are related by phase-matching condition

of two counter-propagating modes, the k- and the n-th modes:

Bk + Bn = m-—, (31&)

A

m(“eff,k + neff,n)

Aon = , (3.1b)

where k£ and n can either be the same or different, m denotes the order of the FBG as
designed, and A,, represents the physical grating pitch inscribed regardless of the value of

m. For example, in Fig. 3.2, we show all the possible Bragg wavelengths of a typical step-
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Figure 3.1: Out-of-scale schematic of the off-axis TM-FBGs, both the horizontal and vertical
samples are displayed.

index four-mode fiber. Here, g signifies the equivalent propagation constant of the m-th
order FBG; Bragg wavelengths marked at the bottom are corresponding to the self-coupling
of the associated LP modes, whereas the Bragg wavelengths at the top are for the cross-
coupling between two LP modes. The relationship between § and A can be numerically
obtained by solving an eigenvalue equation derived from Maxwell’s equations and proper
boundary conditions. One can refer to the chapter of “Fiber Optics” of [57] for more detail

of the numerical implementation.

3.2.2 FBG fabrication

The microscope image of the cross-sectional area of the step-index TMF after one-minute
reaction with hydrofluoric acid is displayed in Fig. 3.3. This TMF is then mounted onto the
air-bearing stage depicted in Fig. 2.15, the stage is translated along the direction of the fiber

axis in this case to inscribe straight lines parallel to the fiber axis. The translation speed is



28 CHAPTER 3. Orr-Ax1s TM-FBGs INscrIBED WiITH A FS LAser PBP TECHNIQUE

101—02
All—Zl

101—21

A1-02
Az1-02 N / Ao1-11
4 A

Propagation Constant (3

02 AOZJ/ 121\; /111‘1/ 101\;,

Wavelength

Figure 3.2: Plot of propagation constant against wavelength for a typical step-index four-
mode fiber. Ag,: All the possible Bragg wavelengths for an m-th order FBG with grating
pitch A,,.

Figure 3.3: Microscope image of the cross-section of the TMF used after immersed into
hydrofluoric acid solution for 1 minute. Arrows indicate the core region.
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determined using (2.12). The precision of the grating pitch inscribed is later estimated by
measuring the Bragg wavelength of the LPg; for all nine samples; the standard deviation is
measured as 0.09 nm, which is likely caused by the random axial strain along the fiber when

manually loaded onto the clamps shown in Fig. 2.15. In Fig. 3.4, we display representative

Figure 3.4: Microscope images of the (a) top-view and (b) side-view of sample V-2 (off-axis
FBG with 2 pm vertical offset)

top-view and side-view of a short section of the laser-induced periodic structure of sample
V-2 (off-axis FBG with 2 pm vertical offset). We mark the core-cladding interface with
black dashed lines, indicate the propagation direction of the FS pulses with red arrows, and
annotate the features sizes of the periodic structure in white. As can be seen in Fig. 3.4,
albeit limited to image resolution, the laser-induced structural change takes the shape of
ellipsoid with a center micro-void plus an outer densified shell surrounded; the spatial long
axis of the ellipsoid is parallel to the direction of the FS pulses [55]. We also notice that
there is additional RIM at the bottom of each damage point as shown in Fig. 3.4(b), this
is likely resulted from the spherical aberration at the interface between the objective and
the index-matching oil, since we deliberately match the index of the oil to the index of fiber
(~ 1.45) instead of the index suggested for the objective lens (~ 1.5) [43]. Additionally, we

show the top-views of all the remaining off-axis FBGs to give the readers a rough idea on
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the inscription stability.

——— Coreboundaries ——————
- Core boundaries —__

Figure 3.5: Microscope images of the top-views all remaining off-axis FBGs.

Besides, here we give a rough comparison between the feature size of the damage point
and the focal volume of the focused Gaussian beam pulse chain. A Gaussian beam (beam
waist w = 3 mm, refer to 2.2.1) after focusing by a 100x objective lens and a 200 mm tube

lens, the resulting beam waist (wg) and Rayleigh range (zg) are calculated as

Wy = )\—f (32&)
nmtw
Twin

where A = 800nm is center wavelength of the FS laser, f is determined by the tube length
divided by the magnification (f = 200/100mm = 2 mm), and n is the refractive index of
the oil (1.446). Taking these numbers into Eq. (3.2) yields wy = 0.1151 ym and zg = 0.0774

pm. The magnitude of 2wy and 2zx are comparable to the measured size of the central void
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(0.4 pm x 0.4 pm).

3.3 Spatial orientation of the damage points

The presence of the off-axis ellipsoidal damage points (refer to Fig. 3.4) breaks the axial
symmetry of the pristine fiber and hence may induce birefringence. To fully characterize
the spectral properties of the grating samples, we firstly identify the spatial orientation (i.e.,
the long or short axis) of the damage points with the setup depicted in Fig. 3.6(a). In
this setup, a laser light operating at 660 nm is coupled into the the fiber which is kept as
straight as possible, the scattered laser light off the damage points is recorded in a plane
perpendicular to the fiber axis. There are two straight lines at right angle marked in the
plane, one of the two is parallel to the optical table. The recorded scattering patterns of
varied grating samples are presented in Figs. 3.6(b)-3.6(i). As can be seen, there are two
bright regions separated by ~ 180° in the ring-like scattering patterns, connected by dashed
white lines. The arrow pairs in white indicate the distance between the origin and the dashed
white lines. It is of our particular interest that the dashed white lines almost pass through
the origin for H-FBGs as shown in Figs. 3.6(c)-3.6(e), while there are gaps between the
lines and the origin in the case of V-FBGs as presented in Figs. 3.6(f)-3.6(i). Moreover,
the length of such gap increases with an increasing vertical offset distance, as we expected.
The FBG orientation can hence be characterized that the spatial long axis of the ellipsoidal
damage points is perpendicular to the dashed white lines, as pictured in Fig. 3.6(i), where
a white circle surrounded by a blue ellipse shell represent the damage point. In principle,
one can relate the orientation of the damage points to their scattering patterns through
the scattering theory of spheroidal particles as outlined in [58]. In this specific case, the

TMF at 660 nm can support 17 LP modes, a random mixture of these LP modes can be
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(a)

.m - Laser (@ 660 nm

FEG

(b) On-Axis

Figure 3.6: (a) Schematic of the experimental setup to identify the FBG orientation. (b)-
(i) Scattering patterns of the grating samples recorded on the plane perpendicular to the
fiber axis. The compound of a white circle and a blue ellipse in (i) represents the identified
orientation of the damage points.
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regarded as almost-equally-excited transverse magnetic and transverse electric modes. The
application of the conclusion of a similar situation in [58] to our case leads to the fact that
is consistent with our previous observation, i.e., the dashed white lines are perpendicular,
instead of being parallel, to the spatial long axis of the damage points. Moreover, similar
scattering patterns were reported for FS-inscribed filament-array gratings in an SMF [59]

and also for FS-PbP-inscribed FBGs in a large mode area double clad fiber [60].

3.4 Characterization Results

Figure 3.7 shows the experimental setup used for characterization of the grating samples.

A tunable laser (New Focus, TLB-6728) emits continuous wave at a desired wavelength A

Linear PD2

L1 Polarizer

Figure 3.7: Schematic of the experimental setup used to characterize the off-axis TM-FBGs.
PC: polarization controller; L1: collimator; 1.2: focusing lens; BS: beam splitter; PD1/PD2:
photodiode; DAQ: data acquisition. Inset depicts the linear polarizer (polarization direction
marked by the arrow) observed from the L1 side.

with narrow-linewidth. Then the laser beam is collimated in free-space by L1 after being
modulated by a fiber-based polarization controller (PC). The polarization of the collimated

beam is further tuned by a linear polarizer, details of which are depicted in the inset where
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the direction of polarization is marked by the double-headed arrow. Afterwards, the beam is
focused by L2 into the TMF (~ 1 m) in which an FBG is inscribed at ~ 20 cm away from the
output end. Again the fiber is kept as straight as possible to reduce the intermodal coupling;
moreover, the output end is also immersed into index-matching liquid to mitigate Fresnel
reflection at the interface between silica and air, and the transmitted signal is detected
by a photodiode (PD1). Prior to launching onto the fiber core, nearly half of the focused
beam is reflected off the non-polarizing beam splitter (BS) to another photodiode (PD2),
which is used to compensate laser power fluctuation during wavelength scanning. Signals
from the two PDs are acquired by a data acquisition (DAQ) card (National Instruments,
NI USB-6211) and sent to a computer for data processing. It should be noted that the BS
is deliberately tilted to separate the relatively weak optical signals reflected off the grating
from the multiple reflections of the focused beam by the BS cube surfaces. In the meantime,
an infrared camera (Goldeye, G-032) is used to capture the intensity profile of the optical
light reflected by the grating, deflected by the same BS. The optical power can accordingly
be calculated via taking a sum over all camera pixels. With PD2, we define a normalized

transmitted signal T and reflected signal R, at wavelength \ in arbitrary unit, respectively

as
Py
T, = =2 3.3a
YT By (3.3a)
all (z Pcam, x,y
R, = > 1l (z,y) A( )’ (3.3b)
Py

with P denoting the optical power. As a result, through wavelength scanning with the
tunable laser, one can obtain the transmission spectra and reflection spectra in a relative
manner. The scanning rate we used is 0.02 nm/s. Besides, for signal denoising purpose,
we additionally average the data acquired by the PDs and camera at each wavelength. We

note that since the readout mechanisms of the camera and PDs are different, R can only
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reveal the reflectivity, but this is acceptable to us as the comparison of the subjects is of our

particular interest.

3.4.1 Spectra

Three representative reflection spectra of sample on-axis (with no offset), H-4 (with inter-
mediate offset), and V-8 (with large offset) are shown in Fig. 3.8. Both the two orthogonal
directions of linear polarization are tested and presented in different colors (DoLP-L in blue,
DoLP-S in red). The transmission spectra (upper, ~.1) and the relative reflection spectra
(lower, ~.2) are both presented in linear scale; the dotted trace denotes the measured data
after normalization, and the solid curve represents the Gaussian fitting [61]. In particularly,
we normalize the transmission spectra to the total coupled-in power Ty through T/Ty, and
the relative reflection spectra by the background reflection Ry and the total coupled-in power
Ty via (R — Ry)/Ty. Moreover, we characterize Ry and Ty at wavelengths longer than the
Bragg wavelength of the LPg; for each of the trace. Additionally, in Fig. 3.8(b.2) as an
example, we mark the reflection peaks as P1, P2, P3, and P4. We will discuss the relative
intensities of these peaks in a later section. It can be seen that in Figs. 3.8(b.1) and 3.8(c.1),
we fit the P3 by sum of two Gaussian. A later characterization will reveal that P3 actually
includes two secondary peaks that are closely positioned. Specifically, one is formed by the
self-coupling of the LPq; and the other one by cross-coupling of the LP¢y; and LPy; (refer to
Fig. 3.2). The existence of the LPy; is likely due to the short length of the TMF which has
a relatively large V-number (~ 4.6). Similar excitation of the LPy; has also been reported
with UV-inscribed TM-FBGs [54]. Nevertheless, this may have little effect for our case,
since the two secondary peaks are clearly separated. In addition to P3, P2 is formed by the
cross-coupling of the LPg; and LPy; (LPg111), and P1 by the self-coupling of the LPg;. Be-

sides, the cross-coupling of the LP; and LPy; results in P4. Therefore, for a TM-FBG with
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Figure 3.8: Transmission (upper, ~.1) and reflection spectra (lower, ~.2) of (a) on-axis, (b)
H-4, and (c¢) V-8. Blue: DoLP-L; red: DoLP-S; dotted: measured data; solid: Gaussian

fitting.
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moderately long fiber length, the Bragg wavelengths can still be identified using Eq. (3.1b),

in particular:

2n,
)\01 = MA, (34&)
m
Aore11 = feftor T Reft 1} ;;neff’ll/\, (3.4b)
2n,
App = Rttty (3.4c)
m

where m = 2 is the order of our FBG samples. We note that due to the limited frame rate of
the camera (25 Hz), there are random but minor fluctuations along the traces in Fig. 3.8. Fur-
thermore, the coupling of the forward-propagating core modes to the backward-propagating
cladding modes leads to the additional dips at shorter wavelengths in the transmission spec-
tra. The reflection spectra of the rest off-axis FBG samples are shown in Figs. 3.9 and 3.10,

which are obained with Eq. (3.3b) without further normalization to Ry and T.

3.4.2 Offset-dependent birefringence

The axial symmetry of the pristine fiber is broken by the laser-induced RIM, as a result of
the ellipsoidal shape and the off-axis position of the RIM, birefringence is therefore induced.
We present in this section that the induced birefringence exhibits dependence on the offset
position of the RIM, such dependence is characterized as follows. In principle, the LP;; has
four-fold degeneracy, two regarding polarization and two about spatial distribution; the LP;,
in contrast, possesses two-fold degeneracy concerning only the polarization [22]. Therefore
the LPg; is utilized for our purpose of birefrigence characterization to avoid ambiguity. In
particular, we characterize the birefringence from the difference of the two Bragg wavelengths

of the LPy; under the two orthogonal directions of linear polarization (DoLP-L, DpLP-S).
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Figure 3.9: Reflection spectra (obtained with Eq. (3.3b) only, no characterization of Ty and
Ry) of all remaining H-FBGs.
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The birefringence can therefore be defined as

m

s (3.5)

_ L S _ L s
Anp = Tetr 01 — Tefr,01 — (Ao1 — Ao1)

where m = 2 is the order of the FBG fabricated, AL, and A\3| are identified from the Gaussian
fittings of the LPg; (refer to Figs. 3.8, 3.9, and 3.10). The characterized birefringence is
summarized in Fig. 3.11, H-FBGs and V-FBGs are presented by different colors. In particular

the on-axis sample is ploted twice as both H-0 and V-0. In general, the birefringence reaches

P H-FBGs

5 V-FBGs L
N
0

- I e

i B

14 L

-2 T T T T T

0 2 4 6 8

Offset Distance (um)

Figure 3.11: Induced birefringence of H-FBGs (green) and V-FBGs (yellow).

its maximum magnitude at an intermediate offset distance, in the meantime, the V-FBGs
have stronger birefringence than their horizontal counterparts H-FBGs with the same offset.
The observations are in consistence with the off-axis FBGs in standard SMF reported in
[62]. Tt is particularly worth noting that Ang changes its sign between offset 4 pm and 6
pm. Although the physical mechanisms behind this phenomenon remains unclear, here we
suggest two possible directions for future investigation. Firstly, one may need to consider
modal structure of the pristine fiber has been altered by the strong RIM induced by FS

pulses. Furthermore, one may also take into consideration the tensor nature of laser induced
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material perturbation.

3.4.3 Offset- and polarization-dependent reflectivity

We next study the reflectivity in a relative manner of the individual LP mode (i.e., LPy,
LPy;, and LPgie1q) for all the FBG samples. Typically, the reflectivity characterization
of each individual LP mode in an FMF requires selective mode excitation. To do so, we
maximize the normalized reflected signal R (see Eq. (3.3b)) via manually fine-tuning the
position of the fiber proximal end at the corresponding Bragg wavelength of a certain LP
mode (e.g., \l; for the LPy; under DoLP-L). Thus the reflectivity of the corresponding LP
mode is equivalent to the maximized R,,,, with the background reflection Ry subtracted; Rq
is characterized at longer wavelength after maximizing R for each reflectivity measurement.
Both of the two orthogonal directions of linear polarization (DoLP-L, DoLP-S) are measured,
the results are presented in Figs. 3.12(a) and 3.12(b). Distinct patterns represent different
LP modes; colors denote the two orthogonal directions of linear polarization, DoLLP-L in blue
and DoLP-S in red’ error bars quantifies the uncertainty mainly from the manual fine-tuning,
measured from three independent trials. It is evident that the reflectivity shows dependence

on both the offset distance and polarization of the incident beam, as observed from Fig. 3.12.

Offset dependence

We first analyze the offset dependence. In principle, under the approximation of weak
perturbation, the coupling coefficient (Kj,) between the k-th and n-th modes caused by a

perturbation to the permittivity Ae(z,y) can be expressed as [19]

Ky, = %// e - Ae(x,y)e, dx dy. (3.6)
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This expression basically describes the transverse overlap between the damage points and the
modes under investigated, which can reveal the strength of reflection. The transverse overlap
is visualized in Fig. 3.13, where the LPy;, and the two spatial degenerate LP1;, and LPqy;, are
considered without loss of generality. For better comparison, we plot together the V-FBGs
(yellow) and H-FBGs (green) with the same offset distance, and mark the core-cladding
interface by the dashed while circles. Furthermore, the size of the damage points is based

on the measurement in Fig. 3.4. As can be seen here, the reflectivity of our Type-II FBGs

Offset Distance (1un)

Figure 3.13: Visualization of the transverse overlap between the damage points (green for
H-FBGs, yellow for V-FBGs) and the LP modes (LPg;, LP11,, and LPq1p)

can still be qualitatively revealed by Eq. (3.6) together with the LP modes of the pristine
fiber, although the weak perturbation theory may not valid for Type-II FBGs quantitatively
as suggested in [62]. In particular, the reflectivity of the LPg; of the H-FBGs monotonically
decreases with offset increaing in general; the slightly increased reflectivity in V-FBGs at
2, 4, and 6 is likely due to the vertically elongated shape of the damage points as well as
the combined effects of the void and desified shell. Similarly, the reflectivity of the LPy;
starts with almost-zero at zero offset, then begins to rise until reaching it maximum at an
intermediate offset distance, and then drops. This trend agrees with the doughnut-shaped
LP;; intensity profile. Besides, LPg;..11 is also present in on-axis FBG, this is likely due to
the asymmetric shape of the induced RIM. The reflectivity of the LPg;,,1; has its maximum

value at an intermediate offset distance.
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Polarization dependence

In addition to the offset dependence, of more interest to us is the polarization dependence
of the reflectivity, which reveals the capability of polarization discrimination. As presented
in Fig. 3.12, the reflectivity of the LPg; is almost constant for DoLLP-L. and DoLP-S. In
contrast, the reflectivity of the LP;; exhibits strong polarization dependence, we exact the

reflectivity of the LPy; and display it in Fig. 3.14 As reported in [62], in SMF, the polarization

Reflectivity of the LP

H-FBGs: DoLP-L DoLP-S
0.25 V-EBGs: ODolLP-L ODoLP-S

0.2

0.15
0.1

0.05

R = | ] m

2 + 6 8
Offset distance (um)

Figure 3.14: Reflectivity of the LP;

discrimination capability is usually gained via using objectives with low NA to increase the
eccentricity of the induced RIM. Interestingly, FM-FBGs can gain strong such capability
even with tightly-focused FS irradiations, and one can accordingly expect further increased
polariztaion discrimination of the FM-FBGs fabricated by loosely-focused FS irradiation.
This observation also is self-consistent with the almost-constant reflectivity of the LPg;
modes in our FBG samples fabricated by tightly-focused FS irradiation. The averaged ratio
of the two LPy; reflectivity under DoLLP-L and DoLP-S of a single FBG is measured as 7.86
for our off-axis TM-FBGs, as compared to the 1.46 for the SMFs in [62]. Furthermore, the

DoLP corresponding to the much stronger reflectivity of the LPy; differs in H-FBGs and V-
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FBGs, the direction is constantly perpendicular to the line connecting the RIM and the fiber
center. As for the LPgi.,11, its reflectivity follows similar polarization dependence pattern
as the LP1, since the LPg;.11 is in fact formed by the cross-coupling of the LPy; and LPqq,

its polarization property is consequently determined by both the the LPy; and LPq;.

To further investigate the polarization dependence, we measure the R, under varied
DoLP by rotating the polarizer shown in the inset of Fig. 3.7. Without loss of generality, FBG
samples with horizontal offset (H-4) and vertical offset (V-4) are tested, the representative
results are shown in Fig. 3.15. The Bragg wavelength for each of the mode is chosen as one
lying in between the two peak wavelengths of DoLLP-L and DoLP-S. For example, \g; is set
as the middle point of A5, and A},. In Fig. 3.15, the solid curves in different colors are the
best numerical fittings of their corresponding measured data sets represented by distinctive
markers. It is noticeable that the reflectivity of both LPy; and LPy; exhibits sinusoidal-like
dependence on polarization based on the agreement between the measured and fitted data,

though such dependence of LP11 modes is much heavier. It can be seen that the LP;; reaches

11

1l &, and the minimum reflectivity at 1. - which is ~ 90°

its maximum reflectivity at 6 minR>

11
maxR "

11

axi corresponds to the polarization

apart from the 6 As we expect, for sample H-4, 0
parallel to the long axis of the damage points, and L. . the short axis. In contrast, for
sample V-4, the maximum reflectivity appears when the polarization is parallel to the short
axis of the damage points, and minimum occurs when polarization is along the long axis of

the damage points.

Unlike the LPq, as shown in Fig. 3.16, the peak reflectvity of the LPy; has a constant
behavior pattern of polarization dependence, regardless of the FBG sample and/or the FBG
orientation (Oril, Ori2). It is hence reasonable to infer that such a constant polarization
dependence in Fig. 3.16 is likely caused by the other optical elements used in the characteri-

zation setup, particularly the cube beam splitter (Thorlabs BS015) in Fig. 3.7. In principle,
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Figure 3.15: Reflectivity of the three LP modes of sample H-4 and V-4 under varied incident

polarization.
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Figure 3.16: Polarization-dependent reflectivity of the LPy; under two different FBG orien-
tations (Oril and Ori2).

when light is incident on an interface between two different optical media (e.g., glass and
air), the transmittance differs for the s- and p-polarized waves, such phenomenon is well
described by the Fresnel equations. In particular, the net effect of beam splitter on the nor-
malized reflected signal R in Eq. (3.3b), and hence the reflectivity measured, is equivalent
to a one-time transmission. The transmission at 1559 nm of p-polarized waves is 38.83%
and 40.49% for s-polarized waves, according to the vendor-provided calibration of the beam
splitter. This indicates the two transmission extrema of the beam splitter are almost 90°
apart, which agrees well with the experimental results in Fig. 3.16. Other components that
can introduce additional polarization dependence include the PD, the camera, the fiber facet,

ete.



48 CHAPTER 3. Orr-Ax1s TM-FBGs INscrIBED WiITH A FS LAser PBP TECHNIQUE

3.4.4 Polarization-controlled mode patterns

It is not only the reflectivity have dependence on the polarization, in this section, we show
that the reflected mode pattern of the LPg.,11 is also linked to the polarization. Moreover,
the orientation of the mode pattern can be solely controlled by the DoLP of the incident
laser light. As we mentioned before, the LP;; has four-fold degeneracy, two of which regards
the spatial distribution. For example, with a fixed linearly polarized incident beam, there
are two spatially degenerate LP;;, namely, the LP;;, with dumb line parallel to the DoLLP
and the LPq;, 90° rotated. Here we define the dumb line as the symmetrical axis separating
the two lobes. In a TMF with FBG inscribed, the intensity profile of the reflected LPg;11
is a coherent superposition of the intensity profiles of the reflected LPy; and LPy;. The
orientation of the reflected LPg;.s11 is therefore determined the reflected LP; since LPg; is
axial symmetrical. The intensity profiles of the reflected LPg;..11 of sample H-4 are presented
in Fig. 3.17(a); also presented in this figure are the intensity profiles of the reflected LP;.
All images are captured by the camera in Fig. 3.7 at their corresponding Bragg wavelengths.
Moreover, to be more general, three distinct randomly-chosen excitation conditions (EC1-
EC3) are tested for both directions of the linear polarization (DoLP-L and DoLLP-S). To vary
the excitation conditions, we manually tune the fiber input end to introduce different offsets
between the fiber core and the focused beam (refer to Fig. 3.7), and therefore change the
coupling coefficient of the free-space optical field to the individual LP mode (see Eq. (2.8)),
which ultimately leads to varied proportions of the LPy;, LPq1,, and LP;y;, as seen by the
gratings. It is evident in Fig. 3.17(a) that the LPg;.,17 keeps a constant orientation regardless
of the excitation conditions, once the DoLP is constant. Physically, this means the forward-
propagating LPy; couples backwardly to only one spatial LP;;, and the spatial degeneracy of
the LPq; is lifted. On the contrary, the reflected LP;; has varied orientations under different

excitation conditions. Such variation is caused by a coherent combination of the two spatially
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Figure 3.17: (a) Reflected intensity profiles of the LPy;,,11 and LPy; of H-4 captured at the
corresponding Bragg wavelengths. (b) Reflected intensity profiles of the LPg;.,1; under varied
DoLPs for sample V-4 and H-4. (c) Reflection spectra and associated reflected intensity
profiles of the LPg;.,11 for sample V-2.
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orthogonal LP;y, and LP;y;,, which two are both involved in the self-coupling of the LPy;.

To further characterize the relationship between the DoLP and the orientation of the
reflected LPg1.11, we fix the excitation condition and rotate the linear polarization from
0° to 160° per 20°, the recorded mode patterns are displayed in Fig. 3.17(b). The DoLPs
are marked by the double-headed arrows, and it is clear that the DoLP is parallel to the
dumb line of the reflected LPg;.,11, which provides the potential to control the field pattern
through polarization. Besides, we show in Fig. 3.17(c) the wavelength dependence of the
reflected LPg11 of sample V-2 as an instance. Both the intensity profiles of the relfected
LPp111 and the the reflection spectra are displayed. It can be seen that the there is little
or no dependence of the intensity profiles of the reflected LPg;.,1; on the wavelength within
the reflection bandwidth. It is worth noting that the properties we report in Fig. 3.17 are
shared by all other off-axis TM-FBGs we fabricated, although only the H-4, V-4, and V-2

are presented.

We may now conclude this section by the stating that for FS-PbP off-axis TM-FBGs, the
forward-propagating LPg; couples backwardly to only one spatially degenerate LP;; whose
dumb line parallel to the DoLP, it suggests that one can manipulate the mode patterns
through polarization merely. This property is reported for this first time to the best of
our knowledge, although the orientation competition of the LP;; was mentioned in [53],
it actually studied the relationship between the reflectivity and the LPq; orientation, and

without polarization control.

3.5 Discussions

To quantitatively analyze the experimental results presented above, one may need to refine

the conventional model for FBG spectra analysis [63]. First, the conventional model is
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established under the approximation that the electric field in the perturbed waveguide can
be expressed by the superposition of the ideal modes of the pristine waveguide, given that
the presence of the grating is in fact dielectric perturbation. For the FBGs directly inscribed
by FS pulses, however, the induced RIM or dielectric perturbation is rather strong which
may induce significant modifications to the modal structure of the unperturbed fiber. In
Fig. 3.18, we show the propagation of the individual LP mode under the presence of the
damage points with FDTD simulation (Lumerical FDTD). For a better view, the cladding
region is removed. Again, the red arrows indicate the propagation of the writing pulses, only
two damage points are presented for our purpose. Here we only simulate the sample H-4
under DoLLP-S for illustration. In the side-view of Fig. 3.18(a), the LP modes propagate from
the “source plane” all the way upwards, and four monitoring planes are placed to record the
evolution of the LP modes. One can see that the two damage points can induce noticeable
modification on the intensity profile of the LP modes. Of our particular interest is 7y, the
intensity profiles fail to recover their original status even without the presence of the damage
points. Note that there are nearly five thousand damage points for a 5-mm-long FBG with
grating pitch of 1.076 pm. It is therefore reasonable to propose that the presence of the

damage points can alter the modal structure of the pristine fiber.

To investigate the resulting modal structure of the perturbed fiber, we may start with
the extreme case, where the perturbation is uniform along the fiber axis, and its transverse
profile takes the form of an ellipse with a central void circle (i.e., the 2D projection of the
damage point). Such a case is presented in Fig. 3.19. In Fig. 3.19(a), we show the cross-
section of a new waveguide, as well as its first six eigenmodes (Mode 1 to Mode 6). In
particular, the perturbation is uniform along the fiber axis, with a void centered at (0, 3)
nm and a shell centered at (—0.1,3) pm, to imitate the laser-induced damage points that

has additional RIM at the bottom. The size of the void is further based on the ratio of



52 CHAPTER 3. Orr-Ax1s TM-FBGs INscrIBED WiITH A FS LAser PBP TECHNIQUE

o3

(@) l ®

«
i /v Ty

0 H4 o=
Source plane L

I E|
119 ] O]

Figure 3.18: FDTD simulation of the mode propagation under the presence of the damage
points. (a) Structure under tested. T;-Ty: Monitoring planes. (b) Intensity profiles with

single-mode excitation.
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the Rayleigh range to the focal spot size of the objective used in the fabrication. The
values of the refractive indices (n) of the void and shell are chosen arbitrarily but within the
range from literature [62]. Also shown in Fig. 3.19(a) are the mode profiles of the first 6
eigenmodes, which correspond to the two-fold degenerate LP(; and four-fold degenerate LP1;
modes of the ideal TMFs. The polarization of the eigenmodes is marked by the white arrow.

Summarized in Fig. 3.19(b) is the effective refractive indices of the perturbed and the pristine

(a) x Mode 1 Mode 2 Mode 3

Void
Diameter (um): 0.28x0.4

n: 1.36 \

-—py

Mode 4

(b) Mode1 | Mode2 | Mode3 | Mode3 | Moded4 | Mode S
Nege 0 the pertirbed fiber 1.442640 | 1.442640 | 1.440628 | 1.440621 | 1.440279 | 1.440263
Negr of the prigtine fiber LB, 1.441597 LP,:1.440251

Figure 3.19: (a) Cross-section of the perturbed TMF and the mode profiles of the first
6 eigenmodes with polarization marked in white arrows. (b) Comparison of the effective
refractive indices between the perturbed and the unpertubed fiber.

TMF used in this work. From Fig. 3.19 we can have a general view on the dissimilarities of
the modal structure between the unperturbed TMF and the type-II-grating-perturbed one.
Accordingly, the accuracy of the conventional model might be degraded due to the failure of

the ideal-mode approximation.

Of more importance, we point out here, is that one may need to take into account

the tensor nature of the dielectric perturbation. Note that in Eq. (3.6) and Fig. 3.19(a),
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we have assumed that the void and the shell of the induced RIM are respectively uniform
and isotropic. The experimental results, particularly the distinctive behavior of the PDPR
of the LPy; and LPy; modes, strongly suggests that the dielectric perturbation induced in
the type-II FBGs is in fact anisotropic. This necessitates the refinement of the conventional

model utilizing the tensor form of the dielectric perturbation. For example, one may re-write

Lo
K = / / Ei. Bi, Bi.

Ag,., Agy,, Agy.| |En, | drdy.

Eq. (3.6) as

Ac,y Aeyy Acy| |En.

The material properties of the laser-induced RIM, however, requires more precise charac-
terization (particularly in its tensor form) in the future, and is beyond the scope of this

work.



Chapter 4

Cross-axis TM-FBGs Inscribed with a
F'S Laser PbP Technique

Point-by-point (PbP) cross-axis Bragg gratings in a step-index two-mode fiber are fabricated
by tightly-focused femtosecond laser pulses. The gratings are formed by inscribing a line of
periodic damage points crossing the fiber axis at a certain tilting angle. In this chapter,
we experimentally show that the reflections involving higher-order modes exhibit multiple
mainband resonances with wavelength spacing proportional to the tilting angle. The results
show that the combination of the higher-order modes and the PbP technique can add a new

dimension to designing gratings with arbitrary spectral characteristics.

4.1 Introduction

Fiber Bragg gratings (FBGs) have been widely used in numerous applications including
optical communication, sensing, and fiber laser technology. In general, a Bragg grating is
formed by periodic perturbations along the wave propagation direction, and its frequency
response can be featured by one or multiple narrowband reflections, depending on the number
of modes that can interact with the periodic structure [17]. In practice, however, it is often
desirable to create gratings with more complex frequency-response characteristics [64, 65,

66, 67]. For example, due to the finite grating length, uniform gratings with constant pitch-

95
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averaged perturbation amplitude often suffer from sideband resonances, causing problems
in WDM systems [68] and fiber laser applications [69]. To reduce the sideband reflection,
apodization technique [64, 70] was introduced to sophisticatedly control the perturbation
profile along the grating length, taking the form of a modified raised cosine function. In
addition to suppressing the sidelobe of the Bragg grating, it is also of great interest to achieve
desired bandwidth, rapid roll-off rate, and highly linearized dispersion-delay response, whcih
can benefit applications such as dispersion compensators and wavelength-selective filters
(64, 65, 66, 67, 71, 72, 73]. Furthermore, to obtain predetermined wavelength spacing,
wide wavelength tuning range, and sharp wavelength selectivity for optical filtering and
multi-wavelength lasing, in [66, 67], the elementary perturbation profile were periodically
repeated. These approaches above to tailor the frequency-response characteristics of the
grating, however, were limited to single-mode (SM) waveguides through modulating the
perturbation profile alone, whereas the extra degrees of freedom provided by the higher-

order modes (HOMs) have not been reported yet to the best of our knowledge.

Fabrication of FBGs with modulated perturbation profiles in SM fibers has been demon-
strated using both phase masks [74] and point-by-point (PbP) technique [12]. With phase
masks, the modulation can be achieved by varied diffraction efficiency [75] and local changes
of the light intensity reaching the fiber [74], to name just a few. The phase mask technique
often results in large laser-modified regions even with infrared femtosecond (FS) radiation
[76]; with UV radiation and Hs-loaded fibers, the modified regions spread across the entire
core such as in [74]. Moreover, the utilization of pre-made masks significantly reduces the
inscription flexibility. In contrast, PbP inscription can modulate the perturbation of each
pitch through a complete position control [41], owing to the use of objectives with high NA.
PbP inscription of FBGs can be realized with both excimer lasers [40] and infrared F'S lasers

[41]. Compared to the UV-based PbP inscription, the FS PbP technique takes additional
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advantages such as the obviation of photosensitization and the highly localized index mod-
ulation [5]. We therefore employ FS laser PbP technology for FBG fabrication in this work,
as it provides the possibility of exploring the dependence of the gratings’ spectral responses

on the mode intensity profiles.

The main purpose of this chapter is to show that the HOMs can provide extra degrees
of freedom for designing gratings with arbitrary frequency-response characteristics. Until
now, to the extent of our knowledge, the exploit in arbitrary-response-design was reported
only in SM waveguides via varying the perturbation profile alone [12, 64, 65, 66, 67, 77].
We demonstrate the extra design flexibility added by the HOMs via inscribing a straight-
line of damage tracks crossing the axis of a step-index two-mode fiber (TMF) at a certain
tilting angle. We fabricate multiple cross-axis FBGs with varied tilting angles, characterize
their spectral properties, and identify each reflected linearly-polarized (LP) mode through

mode-decomposition.

4.2 Design and fabrication of cross-axis TM-FBGs

The schematic of the cross-axis FBG is shown in Fig. 4.1, where the F'S pulses, the TMF, and
the damage points are out-of-scale for better illustration. As is shown, the damage points
form a straight line which crosses the fiber axis in a plane perpendicular to the propagation
direction of the FS pulses. The distances between the fiber axis and the two ends of the
grating are the same and denoted by z pm. By varying the distance x we fabricate five cross-
axis FBGs: X-2.5, X-5, X-7.5, X-10, and X-12.5, where X is the acronym of “cross”, and the
numbers represent the values of z in micrometers. A greater value of x corresponds to a larger
tilting angle. Furthermore, all five gratings are 5-mm long with a pitch of 1.076 pm, this

corresponds to a second-order FBG with Bragg wavelength designed around 1550 nm. The
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Figure 4.1: Out-of-scale schematic of a cross-axis FBG in a step-index TMF under two
different views.

fabrication setup and procedure are similar to those descried in one of our previous work [78],
and the setup is shown in Fig. 2.15. We use a regeneratively amplified Ti:Sapphire laser with
800 nm center wavelength, 500 Hz repetition rate, and ~100 fs pulse width for fabrication.
The energy per pulse is tuned to 128 nJ, which slightly exceeds the single-shot damage
threshold of the glass [42]. The pulses are focused by a 100x oil-immersion objective (NA:
1.25) onto the TMF (OFS, 19 pm core diameter), which is mounted on an air-bearing 5-axis
translation stage. Two representative microscope images of the damage points are displayed
in Figs. 4.2(a) and 4.2(b), where the red arrows indicate the propagation direction of the
FS pulses. It can be seen clearly that the damage point is featured as a central spherical
void surrounded by a densified shell [55], closely resembling a spheroid. We note that due to
the limited field of view, the microscope can only capture a rather short section (~20 jm)
of the 5-mm-long grating per frame, and therefore cannot reveal the geometrical shape of

the damage track.
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Figure 4.2: Representative (a) top-view and (b) side-view of the damage points, red arrows
indicate the propagation direction of the FS pulses

4.3 Characterization of cross-axis TM-FBGs

To fully characterize the spectral properties of the FBGs, particularly with HOMs considered,
a free-space-based setup depicted in Fig. 4.3 is used. This is because for most fiber-based
FBG interrogators, their parameters such as the aperture and NA are designed for the SM
fiber with core diameter less than 19 pm, such mismatch can partially block the signals
carried by the HOMs whose energies spread out more towards the core-cladding interface,

and therefore understate the reflectivity of the HOMs. A tunable laser generates a narrow-

[ Computer ]

PD2

L1 L2

T FBG
D B Epmm—— () (o)
’A!‘ Beam Splitter

Camera

Figure 4.3: Experimental setup used to characterize the spectral properties of the cross-axis
TM-FBGs. L1: collimator; L2: focusing lens; PD: photodiode.
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linewidth continuous wave at a desired wavelength. The laser beam is then coupled into
the TMF after passing through a collimator (L1), a focusing lens (L2), and a beam splitter.
The TMF (~2 m in length with the FBG inscribed near the distal end) is slightly bent to
eliminate reflections from the LP5; and LPgy, which can propagate within a short distance in
a straight TMF [78]. Out-of-fiber transmitted signals are collected by a photodiode (PD1),
and reflected signals are captured by an infrared camera. The reflected optical power can be
obtained by taking the sum over all pixels. To reveal the reflected mode patterns, an infrared
camera (Goldeye, G-032) is uesd to detect the reflected signal, while the optical power can
be obtained by summing all camera pixels. Prior to entering the fiber, the beam is partially
reflected off the beam splitter to another PD (PD2), this signal is used to eliminate the
influence of power fluctuations of the tunable laser during wavelength scanning. Additionally,
PD2 is used to eliminate the influence of power fluctuations of the tunable laser during
wavelength scanning. Consequently, a normalized transmitted signal T, and a normalized
relative reflected signal Ry can be obtained from Eq. (3.3) (Tx = Pi/Pox, Ry = Peama/P2.))-
Here we set the wavelength scanning rate to 0.01 nm/s, and keep all other parts of setup as

still as possible during the scanning.

4.3.1 Spectra

The resulting spectra are shown Fis. 4.4-4.8 as dash-dotted traces. The solid curves are
Gaussian fittings. The reflection spectra with respect to the left axis in blue are normalized
by a background reflection Ry along with a total coupled-in power Ty via (R — Rg)/Ty, and
the transmission spectra shown by the right axis in red are normalized through T/Ty. Ry
and T, are obtained at a wavelength longer than the rightmost resonance, and they need
characterizing for each scanning trial. Besides, to show higher dynamic range and better

spectral resolution, in the insets we present the reflection spectra in decibels measured by a
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Figure 4.7: Transmission and reflection spectra of sample X-10.
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swept-laser spectrometer (Micron optics, SM125), nut note that the reflection shown in the
insets cannot reveal the actual reflection strength, since the spectrometer is connected with
a standard SM fiber, of which the core is positioned with lateral offset to the core of the
TMF to excite the HOMs. Unlike the conventional TM-FBGs (FBG in TMFs) which show
at most three main reflection peaks, namely, the self-coupling of the LPy; and the LPq,
and optionally the cross-coupling of the LPy; and LPy; (LPgj.11), the cross-axis TM-FBGs
exhibit six primary reflection peaks, as marked in the spectra. Note that for the X-12.5
in Fig. 4.8, we denote the middle peak as “P44+P3”, and fit it by a sum of two Gaussian
functions. It is also worth noting that in Fis. 4.4-4.8, the random but minor fluctuations
along the traces is primarily caused by the limited frame rate of the camera (25 Hz); the
additional transmission losses at the shorter wavelengths are caused by couplings to the

cladding and radiation modes.

In addition to an increased number of peaks, it can also be seen that the wavelength
spacing of the peaks varies with the tilting angle. We intentionally choose A\s¢ (wavelength
difference between P5 and P6), A)ys, and A)gs to represent wavelength spacing, the rationale
behind it will be explained in the following paragraph. The peak wavelengths are acquired

through Gaussian fittings shown in Fis. 4.4-4.8. As summarized in Fig. 4.9, where each A\;;

Ahss Ahas Ahzs

0.25
0.2
0.15
0.1
0.05

Wavelength Spacing (nm)

X-2.5 X-5 X-7.5 X-10 X-12.5

Figure 4.9: Measured wavelength spacing.
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are presented in distinct colors, we can see that all three A\ increase with increasing tilting

angle. Furthermore, generally A\s3 is greater than other two in each grating sample.

4.3.2 Identification of reflection peaks (mode-decomposition)

Now we give the reasons of utilizing A\ss, AMys, and Adsgs as representatives of wavelength
spacing. As an example, the reflected mode patterns of sample X-7.5 are present in Fig. 4.10,

they are captured by the camera shown in Fig. 4.3 at each reflection peak. Empirically, from

Captured
Image

(X-7.5)

Figure 4.10: Intensity profiles at the peak reflections of sample X-7.5.

the shape of the intensity profiles merely, it is reasonable to attribute P1 as the self-coupling
of the LPy;, P2 and P3 the cross-coupling of the LPg1.11, and P4-P6 the self-coupling of the
LPy;.

To evaluate this statement, one needs to quantify the mode compositions based on the
intensity profile. In principle, it is well-known that transverse optical field of a step-index
TMF can be expressed as superposition of three spatial LP modes, namely, LPg;, LP;1,, and

LP11p, under the weakly-guiding approximation:

I@,y) = | Y Aunexp(ibin)ewn(z,y)| ) (4.1)

where Aj,exp(if;,) is the complex amplitude of the LP,, and E;, is the electric field
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distribution normalized by

2w
J[ et way = 22 (12)

Therefore, mode-decomposition based on the optical intensity profile can be formulated as

a nonlinear optimization problem. The flowchart is shown in Fig. 4.11. The vector X in
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Figure 4.11: Flowchart of the nonlinear optimization process for mode-decomposition.

Fig. 4.11 is defined as

X = [Aop = 1,001 = 0, A1, 0114, A11a, 0110 (4.3)

with four unknowns to be found. The objective function f(X) can be defined as

) ([cam(xa y) — jcam) (IX(:I:, y) — jX)

fX)=1- —=2 — —, (4.4)
;y (Icam(x7y) - Icarn) xzy (Ix(x,y) - IX)

where I ., represent the captured images as shown in Fig. 4.10; Ix is the reconstructed image
with (4.3) substituted into (4.1). Here we apply one constraint to the optimization problem,

ie., Ay;; € [0,100]. For one captured image, the optimization process using MATLAB
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(Mathworks, 2018) on a personal laptop takes ~3 minutes.

In Fig. 4.12 we display the reconstructed images using the optimized vector X, along

with their complex amplitudes and the amount of the LPy;. LPy % is calculated through

2
Ao

LPyn% =
" ’1401|2 + ’Ana‘Q + }Anb|2

x 100%. (4.5)

Supported by LPg%, it is evident that P6, P5, and P4 correspond to the self-coupling of

P6 P5 P4 P3
Reconstructed
Image 0 Q
(X-7.5)
0.9740 0.9769

Correlation

\ .97 0.9758 0.9899 0.9919 0.9943
coefficient
Ana 202634 3.9751 4.7104 0.5909 0.4535 0.0261
0112 2.8249 1.3990 5.0036 09244 5.1369 5.2268
A 9.8265 1.8178 2.6510 0.2140 0.3434 0.0014
B11p 3.9190 2.5082 3.9433 1.1078 45333 0.9796
LP01% 0.20% 497% 331% 71 .69% 75.55% 99.93%

Figure 4.12: Reconstructed mode patterns along with the their complex amplitudes and the
amount of the LP¢y; (LPy%) after optimization.

the LPq;, P3 and P2 represent the cross-coupling of the LP;; and LPg; (LPg1.11), whereas
P1 stands for the self-coupling of the LP;, although the LPg; is still present in P6-P4 with
percentage less than 5%, and similarly the LPy; in P1. This impurity is likely caused by
the random coupling between the two LP modes after reflected by the grating as the fiber is
slightly bent. Further, we use the near-fields for the optimization process, whereas it is the

far-fields that are captured by the camera.



4.4. NUMERICAL SIMULATION 67

4.4 Numerical simulation

Qualitatively, one can interpret the spectral response of a grating as the Fourier transform
of the coupling profile along the grating [79] that is determined by the transverse overlap
between the perturbation and the mode intensity profiles [63]. For example, the magnitude
of the coupling-profile envelope of the LPy; in the cross-axis TM-FBGs we fabricated can be
treated as a “symmetric bimodal distribution” with peak separation inversely proportional to
the tilting angle. The spectral separation, after Fourier transformation of the coupling profile,
is therefore proportional to the tilting angle. Quantitatively, coupled-mode theory is a well-
developed framework to model various fiber gratings [63, 79], however, the implementation
into the PbP-inscribed cross-axis gratings is not straightforward, particularly with the HOMs
involved. We therefore start with building a numerical model for the PbP gratings with

several assumptions.

4.4.1 Numerical modelling of PbP gratings

In general, under the assumption of weak perturbation and negligible longitudinal compo-
nent, one can express the transverse component of the coupling coefficient between the k-th

n-th modes as

K} (z) = %// el - Ae(w,y, z)el dx dy, (4.6)

where z is implicitly defined as the direction of the fiber axis, e’ represents the transverse

component of a waveguide mode normalized by Eq. (4.2), we re-write this equation here:

2w

J[ et azay =2, (47
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For the PbP-inscribed cross-axis gratings, one can still model K} (z) as a periodic function

along z with a modified envelope which also varies along z:

K, (2) = K" (2) Ael(2). (4.8)

Periodicity

We first work on the periodicity Ae$4(z). As shown in Fig. 4.2, each damage point consists of
a micro-void surrounded by a densified shell, resembling a spheroid with featuring radius of
h,w, and w. Assuming a constant refractive index of the regions where the FBGs are to be
inscribed, and hence identical damage points, the periodicity is therefore a projection of the
perturbation profile onto the fiber axis. We further assume that the voids would dominate
once present, and the shells take effect only in the regions between two adjacent voids. Since
the damage point is small as compared to the fiber core, the optical field can be treated
uniform within one damage point, based on which we expand the transverse dimension of
the void to the same size as the shell. The comparison between the spheroidal damage points
and the simplified structure is shown in Fig. 4.13 viewed from varied angles. The vertical
displacement between the damage points and the simplified structure are manually induced
in Figs. 4.13(a) and 4.13(c) for better view, virtually there is no displacement except the
projection onto the fiber axis. As shown in Fig. 4.13(a) for example, one grating period,
denoted as "unit”, is simplified as one void-layer (Ae¢?) plus one shell-layer (Ae¢?), shaped
as a cylinder with an elliptical cross-section; h and w denote the major and minor axes. A,
is the grating pitch projected onto z, and d, represents the width of the shell-layer. The
resulting periodicity can therefore be modelled as alternating layers as illustrated in Fig. 4.14.
Thus the periodicity after simplification is equivalently a pulse-wave function, as plotted in

Fig. 4.15, the subscript z presents the z-projection. This pulse wave can be expanded into
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o
SN

(b) ()

Figure 4.13: Comparison between the damage points and the simplified structure viewed
from varied angles in (a), (b), and (c).

Figure 4.14: Out-of-scale illustration of simplified PbP grating periodicity.

Fourier series:

dy A% X ds 27
€q = A —C —_— —
AeSi(z) = Aey [Az e, + 521 sm(mrAz) cos(nAz 2)|, (4.9)
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Figure 4.15: Simplified perturbation profile along the fiber axis.

where

Acy = AT+ |Aey? (4.10)

signifies the amplitude of the pulse wave. For a second-order grating of our interest, only

the DC and n = 2 terms are kept.

Envelope function

We next work on the perturbation’s envelope function K§-¥(z) which also varies along the
grating length. To do so, we apply (4.6) to a single transverse slice of each "unit” at its
original position before projected onto the z-axis. In particular, the Ae(z,y,z) used for
finding K;2(z) is only a logic function true for the regions within the unit, for example, for

the i-th unit centered at (z;,y;, 2;),

1 (rfhgﬁ + (yzuy;)2 <1
Ae™(x,y, z;) = (4.11)

0 otherwise.
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In Fig. 4.16, we display the resulting transverse overlaps for the sample X-7.5 in three
individual cases, namely, the self-coupling of the LPg; (LPgi01), the cross-coupling of the
LPo; and LPy; (LPgi11), and the self-coupling of LPy; (LP;3.11). The size of the damage
points are from experimental characterization in Fig. 4.2 with h = 1 pm and w = 0.6 pm.
Ae™ (x,y, z1) presents the first unit at z = z1; the mode pattern shown in the upper half
denote the electric fields normalized using Eq. (4.7). For the case of LPj;.11, we use the
doughnut-shaped electric field of the HE9; in order to eliminate the variation induced by
the orientation of the LP{;. In LPg;.11, however, the LP;;, and LPqq, are applied. This is
because the LPg; is linearly polarized, it can only couple to the other modes that have the
same polarization (see the vector fields used in Eq. (4.6)), with such a polarization restriction,
the hybrid modes HE5,TEq;, and TMj; are in fact two-lobed. In addition, to account for

the orientation variations, 50% LPq;, and 50% LPy;, are considered. Consequently, a 2D

LP -
LPy, Ae®™ (x,y,21) 1a

O _O10 =4

1k
LPy1p

HE,4

Figure 4.16: Transverse overlap between the LP modes and the perturbation at the first unit
of sample X-7.5.

integral of the these transverse overlaps yields K5n¥(z;). Similar 2D integral is performed for



72 CHAPTER 4. Cross-axis TM-FBGs INscriBED wiTH A FS LASeErR PBP TECHNIQUE

each unit sequentially (~5000 times in our case), and the resulting envelop function Kjn¥(2)

of sample X-7.5 is presented in Fig. 4.17, where the LPy; and LP; are equally presented.

X-7.5

=

s

=)

.2

(=

2

B0
3 RS, KL K

=]

84|

-L/2 L/2

Figure 4.17: Envelope function of sample X-7.5, with equally excited LPy; and LP;;.

4.4.2 Implementation of coupled-wave analysis to PbP gratings

Following the standard coupled-wave theory [19, 80], with the ideal-mode approximation, we

can express an arbitrary optical field presented the optical fiber in the form of its electric

field:
E(z,y, z,t) Z z) exp(—ifyz) + Bi(z) exp(iBi2)] - ex(, y) exp(iwt), (4.12)
k

where A; and By, are the slowly varying amplitudes of the forward- and backward-propagating

k-th mode ey, which is the normal mode of an ideal fiber with the orthogonality relation of

D [ est.9)-ento) dody = b (4.13
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Substitution of Eq. (4.12) into the Maxwell equations, one can obtain the following well-

known form of the coupled-wave equation [80]:

A b e -
ddz = — ZZAk(Kkn + K],m) - €eXp [ - Z(ﬂk - ﬁn)z]
k (4.14a)
— iy By(K}, — Ki,) - exp [i(By + Ba)7]
k
O i3 AR, — K5,) - exp [~ B+ )]
k (4.14b)

+i Y Bi(Kf, + K7,) - exp [i(Bx — £a)2].
k

Since in general the longitudinal coefficient K7, (z) is far less than the transverse coefficient
K} (z) and therefore can be neglected. K}, (z) takes the same form as in Eq. (4.6). For PbP
gratings, with the numerical model we just described in 4.4.1, with Eqs. (4.8), (4.9), and
(4.10) in particular, we can introduce the “DC” (o) and “AC” (k) coupling coefficients for

the second-order PbP-FBG as

d,  |Aed

O-kn(z) = KEEV(Z) . AEA(A— - %) (415&)
env 1 : dS

Rin(2) = K2 (2) - AgA% s1n(27rK), (4.15b)

such that

Kl (2) = opn(2) + 2610 (2) cos(f—;;z),

(4.16)
expressed in the same way as [63]. It can be seen that for the PbP-inscribed gratings, o and
k are related through the Fourier series expansion of the pulse wave, instead of via the fringe

visibility of the sinusoidal wave for the holographic-inscribed gratings in [63]. The envelope

function K (z) can be found by following the steps in 4.4.1. As an example, we show in
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Fig. 4.18 the o and k of sample X-7.5, with the same parameters used for Fig. 4.17, and

additionally parameters listed in Table 4.1 where An? = —0.015 is used.

—001-01 ——001-11 O11-11
””” Ro1-01 ~~-""Ko1-11 R11-11

-L/2 L/2
z

Figure 4.18: DC (o) and AC (k) coupling coefficients of sample X-7.5, with equally excited
LP01 and LPll-

We then combine Egs. (4.14) and (4.16), and neglect the fast-changing terms contribut-
ing to the first-order derivative of the slowly varying amplitudes, we can finally have the

simplified coupled-wave equation:

drR Ldgy
- = —1q <a +0 — §£)R — kS (4.17a)
s Ldgy

where ¢ is defined as the offset to the designed propagation constant Sp and takes the form
of
0 =0 —Pp. (4.18)
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In addition, R and S are related to A and B in Eq. (4.14) through
A = Re!0t0)z (4.19a)

B = Se~i(0+9)2 (4.19D)

From Eq. (4.17), one can obtain a Riccati differential equation for the amplitude reflection
coefficient p [79]:
dp .

_ d¢ : 2
%—2(25+20—%>/}+m(1+p). (4.20)
Since the Bragg grating is designed to have no chirp, here we set d¢/dz = 0, and after

separating the phase and magnitude terms, we finally have:

L/2 .
p= —z’/ K(z)e 20t g (4.21)
~L/2

4.4.3 Simulated spectra

We first list the parameters used for MATLAB (Mathworks, 2018) simulation in this section
as in Table 4.1. In particular, A, is regarded the same as the grating pitch inscribed (A=1.076
um), since their difference can be neglected (0.014 nm for X-12.5). The sizes of the ellipse
(h and w) and ds are based on the measurement in Fig. 4.2. The mode composition (LPg;%
and LP;%) is based Fig. 4.12, taking the mean of P3 and P2. The perturbation to the

refractive index An is related to the perturbation to the permittivity Ae through
Ae = 2n1An - €. (4.22)

The value of Ang ranges from 0.001 to 0.05 in literature [62], here we fix An¢? to 0.04

while varying An$® from -0.001 to -0.05. For X-7.5, we find that when An{? = —0.015, the
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Table 4.1: Parameters used for simulation

Parameter Value
Core index ny 1.4425
Cladding index nq 1.4375
A, (pm) 1.076
h (pm) 1

w (pm) 0.6

ds (pm) 0.4
LPy % 27%
LP11 % 73%
Angd 0.04
An -0.001 to -0.05

v

simulation shows the best agreement with the experimental data regarding the reflection
strength (based on the transmission spectra in Fig. 4.6). The resulting simulated spectrum
of X-7.5 is shown in Fig. 4.19 in solid black, which is obtained by summing up the individual
spectrum of the three LP modes represented in varied colors. For better comparison, the
experimentally measured spectrum from Fig. 4.6 is also overlaid here in magenta. We notice
a blue shift of the simulated spectra in Fig. 4.19 compared with the measured spectra, this
is likely caused by the difference between the actual and the as-stated fiber indices. The
blue shift, however, applies to the entire range of the wavelengths and thus have little effect
on the wavelength spacing of our interest. Furthermore, we also note the relative strong
reflectivity of the LPg;_1; in simulation is likely due to we have a predetermined 50% LPy,
and 50% LPijp, whereas in the actual case the percentage of the LPyy, (refer to Fig. 4.16)

could be less than 50% and reduce the reflection strength of the LPgi_11.

Additionally, we display the simulated spectra of the other four remaining cross-axis
TM-FBGs as well, with the same parameters used for X-7.5 in Fig. 4.19. Without mode-
decomposition of each of the sample, here we skip the overlaying comparison with the mea-

sured spectra.
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Figure 4.19: Simulated spectra of X-7.5 and the comparison with the experimentally mea-
sured spectrum.
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Figure 4.20: Simulated spectra of X-2.5.

In Fig. 4.24, we summarize the wavelength spacing of all samples from the experiments

(Exp.) and simulations (Sim.). Simulated A\ is identified from the individual spectrum of
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Figure 4.21: Simulated spectra of X-5.
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Figure 4.22: Simulated spectra of X-10.

the LP modes. The simulation is performed with varied values of Ang? listed in Table 4.1,
and the standard deviation resulted from varied An;? is used as the error bar. In general,
the simulations are consistent with the experimental findings: All three A\ increase with
increasing tilting angles, and A)y3 outnumbers the other two in each grating tested. The

slight discrepancies are likely caused by inaccurate locating of the peak wavelengths exper-
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Figure 4.23: Simulated spectra of X-12.5.
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Figure 4.24: Comparison of the wavelength spacing between the experiments (Exp.) and
simulations (Sim.).

imentally due to the noises. Furthermore, the experimentally measured spectra are in fact
the sum of three individual spectrum of the LPy;, LPy;, and LPg_11, the peak wavelengths
identified from the sum-up spectra may differ slightly from those obtained from the indi-
vidual spectrum in the simulations. Besides, the simulated A\ is obtained based on the

parameters provided in Table 4.1, which can also be a source of the slight discrepancies.
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4.4.4 Numerical investigation of cross-axis TM-FBGs on bending

sensing

In this section, we present the numerical investigation of the feasibility of using our PbP
cross-axis TM-FBGs for bending sensing. In brief, the bending can alter the the modal
structure of at the bending area [7], as a consequence, as revealed by Eq. (4.6), so is the
envelope function KV(z), which leads to the change of the reflection spectrum. Particularly,
here we consider three different situations, where the bending radius (r,) are 0, 1 cm, and
5 cm, one of the eigenmodes in three cases are plotted in Fig. 4.25, where the core-cladding

interface is marked in white. The envelope function and the simulated spectra of the LPq;

Straight fiber Bending radius = 5 cm Bending radius = 1 cm
@) (b) (c)

Figure 4.25: Representative eigenmode of a TMF with varied bending radius. (a) r, = 0
(straight fiber), (b) r, = 5cm, and (c) 1, = lem.

shown in Fig. 4.25 are plotted in Fig. 4.26 and Fig. 4.27, respectively. Since we are more
interested in the relative change of the spectra under varied bending radius, it is reasonable
here to directly set all other parameters as unity, such as the size of the damage points,
the refractive index modulation induced by the laser pulses. As revealed in Fig. 4.27, the
bending can indeed induce additional variation to the spectra, which has the potential to

achieve simultaneous multi-parameter sensing with a single FBG.
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Envelope function of the LP11 under varied bending radius
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Figure 4.26: Envelope function of the LP;; under test.
Simulated spectra of the LP,, under varied bending radius
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Figure 4.27: Simulated reflection spectra of the LP;; under test.
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4.5 Conclusion

In summary, through a simple modulation of the perturbation profile along the FBG length,
we show that HOMs can provide extra degrees of freedom for designing gratings with ar-
bitrary frequency-response characteristics, which could benefit applications such as multi-
channel dispersion compensators, wavelength-selective filters, as well as for fiber sensing
(34, 64, 65, 66, 67]. We also develop a numerical model for the PbP-inscribed FBGs based
on pulse-wave approximation and the standard coupled-wave analysis. This model can po-
tentially offer a useful tool for the design of PbP FBGs with more complex perturbation

profiles and more modes involved.



Chapter 5

Conclusions and Future Work

In this work, we numerically and experimentally investigate the off-axis and cross-axis FBGs
in a step-index TMF fabricated by an FS laser PbP technique, through which we demon-
strate that the HOMSs of the optical fiber can add some extra degrees of freedom for device

innovation.

Off-axis TM-FBGs

» Polarization-dependent reflectivity.
For the off-axis FBGs, we find that the reflectivity of the the LP; has strong polar-
ization discrimination capability, with the much stronger reflectivity constantly cor-
responding to the polarization perpendicular to the line connecting the damage point
and the fiber center. Such polarization discrimination can potentially benefit the fiber
laser applications. For example, one can control the lasing lines in [35, 36, 37] simply
by adjusting the polarization state of the injected light, instead of using an external

polarization controller.

o Polarization-controlled mode patterns.
Moreover, we report that the forward LPgy; couples backwardly to only one spatial
LP; with dumb line parallel to the direction of linear polarization, through which one

can manipulate the spatial orientation of the the radially asymmetric LP modes by

83
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merely altering the polarization. With such capability, the transmission capacity of the
MDM-based systems mentioned in [21, 22, 23, 24] can be further increased via selective
mode excitation of arbitrarily oriented radially asymmetric LP modes. Furthermore,
the spatial orientation manipulation can also be utilized for cylindrical vector beam
[81] and orbital angular momentum [82, 83] generations which generally require two
spatially orthogonal LP modes with certain phase delays, these can find applications

in optical trapping and tweezers [84, 85, 86].

Strong cross-coupling between modes.

Besides, the rather high reflectivities of the cross-coupling of the off-axis FBGs can
find immediate applications as mode converters such as in [31, 32, 87, 88], with the
bandwidth increased by further chirp designs. Our characterization results also shed

some light on the morphology of the structural changes induced by F'S lasers.

Cross-axis TM-FBGs

o Tailoring grating’s spectral response

For the cross-axis FBGs, we find that the wavelength spacing can be tuned by the
mode-dependent coupling-profile envelope, through which one can manipulate the re-
flection spectrum with the versatile numerical model we developed in Section 4.4, this

may find applications in fiber laser technology and optical communication.

Bending sensing

Furthermore, as we numerically demonstrated in Section 4.4.4, the cross-axis TM-
FBGs are capable for bending sensing, future work on this topic may include advanced
design of the grating structure with the versatile numerical model we developed in

Section 4.4 to improve the sensitivity and resolution.
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Other topics

« PbP FBGs in a graded-index MMF

As we show in Figs. 2.10-2.12, the intensity profile of a degenerate-mode group can
be random even in a rather short section of an MMF, this is because of the coherent
superposition of multiple LP modes identical propagation constant. Note that the
FBGs were fabricated by UV irradiation, and therefore almost all LP mode can have
nontrivial transverse overlap with the perturbation. Here we display the reflected mode
intensity profiles of the MM-FBG shown in Fig. 2.9, inscribed with FS PbP technique
in the same MMF shown in Figs. 2.10-2.12. All damage points are on the fiber axis.
The higher reflection peaks are formed by the self-coupling of a single degenerate-
mode group, and the relatively smaller ones are for cross-coupling. As one can see
from Fig. 5.1, unlike the random fields shown in Figs. 2.10-2.12, the reflected mode
pattern of one degenerate-mode group takes similar shape of a single LP mode that
has the most concentrated field distribution, since the transverse overlap between the
on-axis damage points and the less-concentrated higher-order LP modes within this
particular degenerate-mode group can be trivial. The damage points therefore can act
like an additional mode selector in a graded-index highly MMF and turn the MMF to
an FMF.

» Estimation of the overall refractive index modulation of a single F'S pulse
We have reported multiple novel properties of the PbP TM-FBGs, particularly the
polarization-dependent reflectivity and the polarization-controlled mode patterns, but
with no exact physical mechanisms proposed. To fully understand these novel prop-
erties for future applications, it is essential one can characterize the refractive index
modulation (RIM) induced by the FS laser. The numerical simulation we performed

in Fig. 4.4 may shed some light on this topic, however, the numerical model itself is
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developed based on certain assumptions and therefore induces additional uncertainties.
Consequently, a direct measurement of the laser-induced RIM is preferred. We have
employed the in-fiber Fabry-Perot (FP) interferometry for such purpose. In particular,
we inscribed multiple identical damage points to-be-characterized inside an FP cavity,
the RIM can hence be obtained from the difference of the optical path difference (OPD)
of the FP cavity before and after the damage points were inscribed. A representative
interferogram of a 1 mm FP cavity is shown in Fig. 5.2(a), with the raw data in blue,
the ready-to-demodulate signal after denoising using a finite impulse bandpass filter
[89] in orange. The demodulation is based on total-phase peak-tracking algorithm as
outlined in [90], The demodulated OPDs are displayed in Fig. 5.2(b). This method
indeed revealed the overall RIM to certain extent, however, the damage points may in-
duce additional wavelength-dependent phase term resulting from the coupling between
the core modes and the radiation modes. It is therefore necessary to either quantify
such coupling, albeit weak in principle, or to further develop the demodulation algo-

rithm for higher accuracy and hence less damage points are needed for demodulation.

Graded-Index MMF (D50/125) (3rd-order, A = 1.614 um)

-~ - -~
o (o] o] o) @) 5l @] 5 6] @
T T T T T

-0.5 T T

I I I
1556 1557 1558 1559 1560 1561 1562 1563 1564 1565 1566
Wavelength (nm)

Figure 5.1: Reflection spectrum along with the reflected intensity profiles of an on-axis MM-
FBG inscribed with FS PbP technique.
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Figure 5.2: (a) Interferogram of a 1-mm-long FP caivity. Blue: Measured trance; Orange:
Denoised signal with peaks marked bu dots. (b) Demodulated OPDs before (blue) and after
(orange) the damage points are inscribed. Format of the horizontal axis: Pulse average
power-total length of the damage points-separation between two adjacent damage points.
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