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Abstract

Wavelength-swept lasers (WSLs) have been widely used as light source in optical
coherence tomography (OCT). The wavelength tuning speed is mainly limited by the
radiative lifetime of the gain media and the cavity round-trip time. Therefore, most
researchers use the semiconductor optical amplifier (SOA) as the gain medium of WSL
with nanosecond radiative lifetime. The gain bandwidth of a typical SOA lies around 100
nm in the infrared band, its axial resolution is very difficult to achieve cellular scale.
Therefore, this dissertation uses Ti:sapphire crystal fiber (CF) with tuning ranges from
650 to 1100 nm as the gain medium. Ti:sapphire CF is very suitable for OCT because its
emission spectrum lies in a region of low tissue scattering and low water absorption, as
well as approximately Gaussian profile. Since the crystal fiber structure has a high surface
area-to-volume ratio, it can effectively improve the heat dissipation capacity. With the
low signal propagation loss and high heat dissipation of the CF, the WSL has a tuning
bandwidth of 250 nm at a repetition rate of 1200 Hz. The steady-state and pulsed
dynamics of the WSL were analyzed, the experimental result is fitted with the theoretical
simulation. The 0.018-nm instantaneous linewidth corresponds to a 3-dB coherence roll-
off of 7 mm. When using the laser for swept-source OCT, an estimated axial resolution
of 1.8 um can be achieved. However, the gain medium used in this experiment is a multi-
transverse mode CF, the output mode of the WSL is also a multi-transverse mode. This
characteristic will seriously affect the feasibility of its application. Therefore, the single-
mode fiber is introduced into the laser cavity to eliminate the high-order transverse mode,

the ultra-broadband WSL with single-transverse mode output is successfully realized.

Keywords: wavelength-swept laser, Ti:sapphire crystal fiber, single-mode output laser,

optical coherence tomography
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Chapter 1

Introduction

Wavelength-swept lasers (WSLs) have been widely used for sensing, spectroscopy
[1], and particularly in optical coherence tomography (OCT) [2]. Various wavelength
sweeping techniques and configurations have accomplished [3-4]. The wavelength tuning
speed is mainly limited by the build-up time of the laser gain media and the cavity
roundtrip time in a direct sweeping configuration [5]. Therefore, most researchers use the
semiconductor optical amplifier (SOA) as the gain medium with high gain and
nanosecond radiative lifetime. The gain bandwidth of a typical SOA lies around 100 nm
[6]. Early studies have demonstrated tuning speeds from 100 Hz to several MHz with an
OCT axial resolution of larger than 5.3 um with a wavelength of 1060 nm to 1300 nm [7—
10]. To increase the gain bandwidth, a parallel configuration of SOA with 228-nm
bandwidth was implemented at the wavelength of 1060 nm [11], as shown in Fig. 1.1.
However, the configuration inevitably leads to an intracavity Mach-Zehnder-like

interferometer structure that would generate loss and excess noise via the spectral overlap.
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Fig. 1.1. The experimental setup of WSL with dual SOAs [11].
1
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The wavelength-swept lasers with different gain media are summarized in Table 1.1.

In Table 1.1, the most widely employed gain medium for wavelength-swept lasers is SOA.

However, the fluorescence band of SOA is mostly in the infrared band. The shorter central

wavelength and the wider tuning bandwidth, it offers better axial OCT resolution.

Application-wise, ultrahigh-resolution OCT with cellular imaging capability is advancing

rapidly. Ti:sapphire is one of the most commonly used materials in broadband

fluorescence and lasers, as shown in Fig. 1.2 [12]. Ti:sapphire lasers emit in the visible

light and near-infrared light range with 400-nm bandwidth.

Table 1.1. Summary of wavelength-swept lasers with different gain media.

A, (nm) AL (nm) [sweep (kHZ) Gain medium [ref.]
532 15 342 SOA [13]
850 80 16 SOA [14]
1040 131 86 Dual SOA [15]
1057 70 600 MEMS-VCSELs [16]
1060 40 1150 VCSELs [17]
1060 100 200 SOA [18]
1060 120 20 SOA [19]
1060 228 1.8 Dual SOA [11]
1310 100 370 SOA [20]
1310 100 200 SOA[10]
1310 120 3520 SOA [21]
1310 125 240 SOA [22]
1310 140 100 SOA [23]
1310 170 20 SOA [19]
1315 160 100 SOA [24]
1550 58 11500 Er-doped fiber [25]
1550 102 44500 Er-doped fiber [26]
1550 160 183600 Er-doped fiber [27]
1550 115 110 SOA [28]
1550 120 3520 SOA [21]
2000 30 19000 Tm-doped fiber [29]
3070 360 1 Dy-doped fiber [30]

2
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Fig. 1.2. Overview of broadband laser materials [12].
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Ti:sapphire laser is very suitable for various biological measurements because its

emission spectrum lies in a region of low tissue scattering and low water absorption [31],

as shown in Fig. 1.3. In previous reports, a resolution of ~1 um with a time-domain OCT

system [32] and ~2 pum with a spectral-domain OCT (SD-OCT) [33] have been

demonstrated by utilizing Ti:sapphire as the gain medium. The narrow instantaneous
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tissue penetration when compared with the SD-OCT.
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Fig. 1.3. Absorption spectra of several tissue molecules and aortic tissue [31].

WSLs with an axial resolution of larger than 10 pum have been demonstrated by using
Ti:sapphire bulk crystal [34-35]. The low axial resolution is because the gain response
time of bulk Ti:sapphire is unable to keep up with the sweeping wavelength for broadband
emission. Though higher doping concentrations can raise the gain of bulk Ti:sapphire,
heat dissipation becomes a challenge with high doping concentration. Ti:sapphire single-
crystalline fiber (CF) grown by the laser-heated pedestal growth (LHPG) method
significantly improves thermal dissipation and pump interaction length [36-37].
Furthermore, a Ti:sapphire crystal fiber waveguide with a propagation loss of 0.045
dB/cm was achieved to allow a low doping concentration [38]. The continuous tunability
of the Ti:sapphie CF laser on a 180-nm wide wavelength range was demonstrated in 2019
[39]. In 2022, our group successfully demonstrated the ultra-broadband WSL by using
Ti:sapphire CF [40]. Table 1.2 summarizes the wavelength-swept lasers by using the

different structures of Ti:sapphire crystal as the gain medium.

4
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Table 1.2. Summary of wavelength-swept Ti:sapphire lasers.

Ac Tuning rate Bandwidth
Author Year Structure
(nm) (Hz) (nm)
Bulk 110
S. Wada et al. [34] 1996 798 10
crystal (743~853)
Bulk 10
V. M. Kodach et al. [35] 2008 800 11000
crystal (795~805)
Crystal 250
Y.C. Lin et al. [40] 2022 808 1200
fiber (683~933)

It should be noted that the relatively low sweeping frequency of this work may not

be an issue for high-speed 3D image acquisition when the WSL is integrated with the FF-

OCT configuration, as shown in Fig. 1.4. Several time-domain FF-OCT approaches have

shown effective for early pre-cancer diagnosis of normal and abnormal cells [41-45]. The

scanning speed is limited by the piezoelectric transducer movement. Using WSL can

dramatically improve cross-sectional imaging speeds and detection sensitivities [46—48].

When the broadly swept Ti:sapphire laser is integrated with the full-field OCT

configuration, high imaging speed and high resolution could be realized to meet the

clinical needs of in vivo cellular resolution imaging on cancer diagnosis.
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Fig. 1.4. Schematic drawing of the swept-source full-field setup [46].

four main chapters. Chapter 2 presents the
characterizations of glass-clad Ti:sapphire crystal fiber. The properties and numerical
model of Ti:sapphire crystal were introduced first.

Chapter 3 describes the fabrication processes of glass-clad Ti:sapphire CF. The
fabrication process includes single CF growth, furnace annealing, and glass cladding. The
process of LHPG system for single CF growth is introduced first. The furnace annealing
process was used for reducing the infrared absorption and enhancing the optical efficiency
of the Ti:sapphire single CFs. The processes and results of glass-clad CF were described.

The optical properties, propagation loss, refractive index, and fluorescence lifetime were
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measured and analyzed. The lowest propagation loss in Ti:sapphire waveguides was
measured.

In chapter 4, the ultra-broadband wavelength-swept laser (WSL) was generated
using glass-clad Ti:sapphire crystal fiber as the gain media. With the low signal
propagation loss of the crystal fiber, the swept laser has a tuning bandwidth of 250 nm at
a repetition rate of 1200 Hz. The steady-state and pulsed dynamics of the WSL were
analyzed. The 0.018-nm instantaneous linewidth corresponds to a 3-dB coherence roll-
off of 7 mm. When using the laser for swept-source optical coherence tomography, an
estimated axial resolution of 1.8 um can be achieved.

Chapter 5 analyzes the transverse modes and longitudinal modes of the WSL. By
inserting a single-mode fiber into laser cavity, single-transverse mode WSL was

demonstrated.
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Chapter 2
Characterizations and Modeling of Glass-clad
Ti:sapphire Crystal Fiber

2.1 Fundamentals of Ti:sapphire Crystal

Sapphire (a-Al2O3) is a single crystal with a hexagonal (rhombohedral) crystal
structure, which belongs to the ditrigonal-scalenohedral class of the trigonal symmetry
D4 — R3C(L33L23PC) [50]. A Ti*" ion substitutes for an AI** ion at the octahedron
center. The crystal structure of Ti:AlbOs is shown in Fig. 2.1. The lattice constants of
the sapphire are a = 4.758 A, ¢ = 12.991 A, a = 90°, B = 90°, and y = 120°. The Ti**
ions are located between two oxygen planes, displaced along the positive ¢ axis from
the midway position of the two planes. The octahedron surrounding the Ti** ion shows
trigonal symmetry. The crystal structure of a-AlOs; is drawn by CaRlIne
Crystallography software in Fig. 2.2 [51]. In the direction of the c-axis, the three
distances A1-O is equal to 1.97 A, and the other three distances are 1.87 A. The Al-Al,
and O-O spacings are 2.65 A and 2.52-2.87 A, respectively. The Ti*" ions are located
between two oxygen planes, displaced along the positive c-axis from the two planes
midway position. The octahedron surrounding the Ti*" ion shows trigonal symmetry.
The ordinary and extraordinary refractive indices of sapphire crystal with different

wavelengths [3] are shown in Fig. 2.3.
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Fig. 2.1. Octahedron structure of a Ti:Al,O3 crystal unit cell. A Ti*" ion

substitutes for an AI** ion at the center.

Al @
o> @

Fig. 2.2. Schematic of the arrangement of AI** between two layers of O?™ in the

basal plan [51].
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Fig. 2.3. Dispersion of a-Al2O3 crystal. The e-ray and o-ray are respectively
defined for the polarization are parallel and perpendicular to the c-axis of the

ALOs crystal [52].

Titanium belongs to the transition metal group. The electronic configuration of Ti
is 1522s22p®3s?3p®3d?4s?. There are two possible valence states of the titanium ions in
ALOs crystal: trivalent (Ti*") and quadrivalent (Ti*"). The Ti** ion has exactly the argon
closed shell configuration. The Ti** ion has a single 3d electron outside the argon core.
Ti*" ions can only consume pump light but cannot generate light emission. The near-
infrared emissions are generated from Ti*" ions. The energy level diagram of Ti:Al,O3
crystal is shown in Fig. 2.4. The 2D state of the free ion is split in the octahedron crystal

field into a >T» ground state and a °E excited state with a separation of 10 Dq (19,000
10
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cm!). The 2T, ground state is split into 2A; and 2E in the trigonal symmetry. Spin-orbit
interaction splits the E, state into Ei2 and E3 states. The Jahn-Teller effect removes
the degeneracy of the excited state with a separation of 1850 cm™!, which is the origin

of the dual-peak pump absorption in the blue-green band. The energy levels of the Ti**

ions have a strong coupling to the vibrations, which are broadened and called the

vibrionic bands. Ti*":sapphire crystals have a four-level system effectively without

unwanted excited-state absorptions, as shown in Fig. 2.5 [53].
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Fig. 2.4. Energy level diagram of Ti:AL,Os crystal. Influence of the crystal field

on the d-orbit electronic levels of the Ti** ion in sapphire crystal [54].
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Fig. 2.5. Simplified energy level diagram [53].

The two-peak absorption is due to the Jahn-Teller splitting of the *E excited state.
The Ti:AL,Os lasers were usually pumped by the multiline Ar lasers in the past. Now
they are pumped mainly by the compact and efficient frequency-doubled 520-nm solid-
state lasers. m-polarization is the polarization parallel to the C-axis of the sapphire
crystal. o-polarization is defined as the polarization perpendicular to the C-axis. The
absorption is more significant for the m-polarization than the o-polarization. For

efficient pumping of Ti:Al2O3 crystal, mt-polarization should be used.

12
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Fig. 2.6. Absorption cross-sections and emission cross-section for the 2T>-’E
transition in Ti:Al,O3 for both polarizations [55].

By absorbing pump light, a ground-state electron was excited. The excited electron
relaxes quickly to the lowest level of the 2Eg state. The transition of the 2E, excited state
to the 2T, ground state occurs by non-radiative and radiative, which generates a phonon
by spontaneous emission or stimulated emission. Fluorescence centered at 790 nm with
a 3-dB bandwidth of 180 nm generated from the 2E, excited state to the 2T, ground state.
Figure 2.6 shows the fluorescence spectra and the calculated gain spectrum (red line),
corresponding to the central wavelength of 795 nm. The peak of fluorescence is at 760
nm. The cross-section of n-polarization is larger than that of c-polarization, as shown

in Fig. 2.6. It implies that the best laser operation is m-polarization. The wavelength-

13
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tuning range of the Ti**:sapphire lasers is from 660 to 1100 nm, with a gain peak at
around 800 nm, as shown in Fig. 2.7. The wavelength-tunning range is limited by the
increased loss from the ground state absorption of Ti*" ions and the lowered gain from

reducing the emission cross-section.
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Fig. 2.7. Polarized fluorescence spectra and the calculated gain [55].

The Ti** ions were oxidized into Ti*' ions with oxygen during the crystal growth
process. The charge compensation is completed by forming an Al vacancy V5, with
every three Ti** ions converted into Ti*. The oxidation reaction is written as follows

[56]:

3T +20, = 3T +V3+30 2.1)

Tiyf or Tiif are a Ti** ion or Ti*" ion substituting in an AI** ion at the
14
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octahedron center, respectively. The Ti*" ion in the sapphire host can be excited by the
UV light and produces a blue-green band emission [57].

When the Ti*" ions are present in the Ti:Al;O3 crystal, the fluorescence from Ti**
emission would be absorbed by Ti**-Ti*" pairs. This phenomenon is associated with the
residual absorption in the IR band is a cluster involving Ti** and Ti** ions with a
neighboring AI** vacancy [6]. Figure 2.8 shows the polarized absorption spectra in the
near-infrared region, which peaks between 800 and 850 nm, usually referred to as the
residual absorption. The residual absorption at the m-polarization was smaller. The
residual absorption is proportional to the Ti**-Ti*" pairs' concentration and,
consequently, the product of the Ti*" and Ti*" concentrations [56-58]. The residual
absorption is a significant factor in the impairment of laser performance. Crystal quality
is usually identified with a figure of merit (FOM), defined as the absorption constants'
ratio at the pump and the lasing wavelengths. With the definition of FOM as
OL514nm/0L820nm, the 0.1-wt.% Ti:AlbOj3 crystal with a FOM as high as 1000 was reported
[59]. as14nm and og2onm are 514 and 820 nm absorption coefficients, respectively.
Considering larger emission cross-sections and smaller residual absorption, lasing

operation in the m-polarization is favored.

15
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Fig. 2.8. Absorption spectra of Ti:sapphire in the near-infrared region for the ¢
and & polarizations (Ti concentration of 0.1 wt.%) [56].

The out-evaporation during the growth process is another reduction of the Ti**
concentration. Titanium ions are diffused in the crystal cross-section during growth
processes and then out-evaporated. That was caused by the ion radius mismatch with
APP* ions (the radius of A" ions and Ti** ions were 0.51 A and 0.81 A, respectively).
The segregation coefficient k of the Ti** ion is defined as:

CS
L

k (2.2)

where ¢® and ¢! are the concentrations of the grown crystal and the melt,

respectively. The segregation coefficient of the Ti** ions in the Ti:sapphire crystal was

16
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measured to be 0.14 to 0.20 [60]. To avoid heavy diffusions of Ti** ions, the reduction

of the growth process was necessary. The optical and physical properties of Ti:sapphire

crystal are summarized in Table 2.1.

Table 2.1. The optical and physical properties of the Ti:sapphire crystal.

Melting point 2040 °C
Boiling point 2980 °C
Mohr hardness 9
Density 3.97-3.99 g/cm?
Ti concentration (0.1 wt.%) 3.33x10" ¢cm™

32.5 W/m:-K (|| c-axis)
30.3 W/m-K (L c-axis)
Thermal optic coefficient 12.6x10°6 K!

Thermal conductivity [50]

6.66x10¢ K-! (Il c-axis) @ 293-323 K
5100 K1 (L c-axis) @ 293-323 K
7x10°¢ K-! (Il c-axis) @ 310-670 K
7.7x10° K (L c-axis) @ 310-670 K

Thermal expansion coefficient [50]

Lattice constant a=b=4784 A, c=12.967 A
3-dB fluorescence bandwidth 180 nm
6.4x102° cm? @ 490 nm ()

2.8x102 cm? @ 490 nm (o)

2.3x10% cm? @ 516 nm ()

1.2x10%° cm? @ 516 nm (o)

2.4x10" cm? @ 790 nm ()

1.3x10" cm? @ 790 nm (o)
no =1.773, ne = 1.764 @ 520 nm
no = 1.761, ne = 1.753 @ 780 nm

3.85 us @ 0K
3.15 us @ 300 K

Absorption cross-section [55]

Emission cross-section [61]

Refractive index [52]

Fluorescence lifetime [55,62]

17
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2.2 Modeling of Ti:sapphire Crystal Fiber
2.2.1 Energy Level System and Rate Equations

The energy level system of the Ti** ions in a-Al>O3 is a four-level system, as shown
in Fig. 2.9. By absorbing pump phonons, Ti** ions in the ground state |0> are excited to
the excited state |3> and relax fast to the meta-stable state |2> with non-radiative decay.
Excited ions in the meta-stable state [2> return to the state |1> generating fluorescence
phonons by either the spontaneous or stimulated emissions. Ions in the |1> relax to the

ground state |0> with a very short lifetime.

N, 12>

l O-e’ /lf, Tf
NI""O ll>

|0> NO ¢«

<’

Fig. 2.9. Simplified energy level diagram of Ti:Al>O; crystal.
Based on Fig. 2.9, the rate equation describing the dynamics of the excited state

population density can be expressed as

dN,(z)

r =Ny(z)Ry3(2)-N,(2) W, (Z)_NZ(Z)

i

(2.3)
No(z) = Ny — N,(2) (2.4)

where Ro3 is the transition probability of the ground state absorption, W>; is the
18
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transition probability of the stimulated emission, and 77 is the fluorescence lifetime.
The total ion density Ny is equal to the sum of the population density in the meta-
stable state N,(z) and that in the ground state N,(z), since the population densities
in other energy states are assumed to be negligible.

These parameters are defined as

Ip(2)oq2y

Ro3(2z) = —— (2.5)
Is(Ai,2)0e(Ai) A
W)y (z) = 5 o220l (2.6)

where I, is the pump intensity at the pump wavelength 4,, and /i(4i) is the wavelength-
dependent signal intensity.

From Egs. (2.3) and (2.4), the steady-state equation is derived as

Ny(z) = Ny —@) 2.7)

Ro3 (Z)+W21(Z)+%

The spectral density of the spontaneous emission intensity in the wavelength from

vto v + dv per one polarization can be expressed as [14]:

Sep(v)dv = hv%ae(v)M(v)dv (2.8)

where S, (v) is the spectral power density of the spontaneous emission, and M(v) is
the density of the optical modes. The density of optical modes M (v), the number of
modes per unit volume of the resonator per unit bandwidth surrounding the frequency

v. Overall, 301 wavelengths were simulated ranging from 650-950 nm. In a three-
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dimensional resonator, such as a bulk crystal, the optical mode density is expressed as

[63]:

8mv?

M3p(v) = (2.9)

C3
While in a one-dimensional resonator, such as a single-mode optical fiber, the

mode density becomes [63]:

Myp(v) =22 (2.10)

c AlD

The term A,p is the cross-sectional area of the 1D resonator.

The crystal fibers are mostly highly multimode. The geometry of highly
multimode fiber is similar to a 3D resonator with a narrow acceptance angle. Equation

(2.8) describes the optical power emitted into the whole 4z solid angle.

Fig. 2.10. Schematic of the inner solid angle of optical fiber.

In Fig. 2.10, the spontaneous emission of crystal fiber can only be captured within

the solid angle (considering only forward direction):

Q= [ (7% sin0dodg =2n(1-sinb,) 2.11)
20
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sin@),= = 2.12)

ncore

Q=2r (lu) (2.13)

ncore

where n.,.. is the refractive index of the fiber core, n.,q is the refractive index of
the fiber cladding and 6, is the critical angle.

We can rewrite Eq. (2.8) in the wavelength domain with the use of Eq. (2.9) and
Eq. (2.13):

— he?
Ssp (ﬂ,) — core (ncozs nnlad) c O_e (l) (2 14)

This is the spectral density of spontaneous emission intensity per active ion per
polarization per direction in a highly multimode fiber.

For single-mode or few-mode crystal fibers, such as those cladding with high-
index glass or ceramics, are similar to a 1D resonator. We can then rewrite Eq. (2.8)
with Eq. (2.10) in the wavelength domain and divide it by 2 for considering only

forward direction:

2hc?
Sep (D) =77—0(A). (2.15)

This is the spectral density of spontaneous emission intensity per active ion per
polarization per direction in a single-mode or few-mode fiber. Acor is the cross-

sectional area of a core.
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2.2.2  Evolution of Optical Powers in Crystal Fiber

The fluorescence generated by the crystal core emits in 4n radiation, and is
captured by the glass-clad of the Ti:Al,O3 CF. The evolution of the spectrally resolved

fluorescence power PfJ—r (z,4;) in the i wavelength slot at the axial position z is then:

dPF(z,4)
dz

= +{o. AW)N2(2) F ) JPF (2, 1) + 2N, (2)AcoreSsp (AL (2.18)
where AA; is the width of the in wavelength slot centered at A;, and azfl is the
propagation loss. The term S,,(4;) is the spectral power density of spontaneous
emission per active ion per polarization per direction, as given by Eq. (2.14) for
multimode crystal fibers and Eq. (2.15) for single-mode and few-mode crystal fibers.
The absorption mechanism of the pump only includes the ground-state absorption,

no excited-state absorptions. The evolution of the pump power PpJ—r (z) along the fiber

1s described as:

Py (z)

b= = FloaNo(2) + ay | B (2) (2.19)

p

where A

is the propagation loss of the pump.

2.2.3 The Distributed Model for Ti:sapphire Crystal Fiber

The distributed model is based on the “relaxation method,” which was extensively

used in fiber lasers [64]. To solve the laser performance, boundary conditions must be
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met at both ends of the cavity. A general set of boundary conditions can be written as:

P (1=RP) Y + P (0)RITY

P 1 Tel

(0)-

<ﬂ,,o>:e< 0V (217 (4) 3
0)-F R R @20)
1)

2 Tc2

P (2. L)R (2)T5(4)

where P; n and P, ;, are the input pump powers at the input and output faces,
respectively. R is the cavity mirror reflectance, and 7 is the transmittance between the
crystal fiber and the cavity mirrors. The number in the subscripts denote the end of the
crystal fiber, 1 for the input end and 2 for the output end. An “s” in the superscript
means the parameter is for signal light, and “p” is for the pump light. Because the signal

is broadband, the reflectance and the transmittance are defined as the wavelength

functions of the signal light. A schematic illustrating these parameters is shown in Fig.

2.11.
z=0 z=L
P, ' ' P
=l Crystal fiber =
KT L R
R T , R

Fig. 2.11. Schematic of boundary conditions in crystal fiber laser modeling

In the relaxation method for laser modeling, the power revolution equations are
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numerically integrated back and forth iteratively until a stable solution is reached. At
first, we assume pump distributions P; (z) with an exponential or linear decay along
the distance. The shape of the pump distribution does not affect the final solution but
only influences the time required for convergence. With the assumed pump distribution
and zero signal power, we can solve Nao(z) with Eq. (2.7). After Na(z) is known, the
integrations of the forward powers in Eq. (2.18) and Eq. (2.19) are worked out from z
= 0 to z = L, with the initial forward conditions determined from Eq. (2.20). The
backward integration is carried out with updated initial backward conditions and N»(z).
The integration is repeated back and forth iteratively, and after each integration, the
initial conditions for the subsequent integration and N2(z) are updated. If N> is over-
depleted in the one integration, then the subsequent integration in the opposite direction
will lower the signal power and under-deplete N>, similar to the relaxation oscillation
in real lasers. The laser output spectrum gradually converges to a final solution during
the iterations. The iteration is stopped when the largest error between two successive
spectra is less than a given tolerance of 10-%. For amplified spontaneous emission (ASE)
simulation, the cavity mirror reflectance (R) is 0, and the transmittance between the

crystal fiber and the cavity mirrors (7¢) is 1.
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Chapter 3
Fabrication Process and Analysis of Glass-clad

Ti:sapphire Crystal Fiber

Ti:sapphire is a common crystal that can be grown through numerous methods
such as the Czochralski method [65], Kyropoulos method [66-67], Verneuil method
[68], heat exchanger method [69], and micro-pulling-down method [70-72]. To reduce

the core diameter, the laser-heated pedestal growth (LHPG) was used in this thesis.

3.1 Laser-heated Pedestal Growth System

In this chapter, the single crystallin core fiber fabrication with the LHPG system
is introduced. Finally, the cladding process was produced by the glass cladding process.
CO; laser was used as the heating source to grow crystals by Stone and Burrus in 1975
[73]. Fejer et al. first developed the LHPG system in 1984 [74]. The LHPG method
made it possible to grow single crystals with a few microns in diameter. The floating
molten zone is supported by the source material so that contamination can be minimized.

The LHPG system setup is shown in Fig. 3.1. A CO; laser (C-30+, Coherent) is
used as the heat source for melting the source crystals. A He-Ne laser (25-LHR-111-
249, Melles Griot) is aligned with the CO» laser beam with a beam combiner to facilitate
the adjustment of optic paths of the CO- laser for the LHPG system.

The CO; laser power can be changed by tuning the duty cycle of a radio frequency
25
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(RF) driving signal. To further adjust the laser power, we use a linear polarizer. The

polarizer is a mechanical rotating linear polarizer (PAZ-10-AC, II-VI). The relative

polarization angle between the CO; laser and the linear polarizer adjusts the CO» laser

power. The power of the CO; laser is detected with a power meter (PM) by using a

beam splitter before CO> laser beam expansion. A LabVIEW feedback program

controls the rotating linear polarizer angle to adjust and stabilize the power of the CO>

laser.

To control the whole LHPG system, we use the same LabVIEW program

mentioned above. The beam diameter of the CO; laser is expanded from 4 mm to 30

mm with a pair of convex ZnSe lenses (ZNSE PO/CX LENS 2.0”DIA 7.5”FL and

0.5”DIA 1.0”FL, II-VI ) before entering the growth chamber. Two stereo microscopes

with long-working distance parfocal objective lenses (SZX7, Olympus) are set next to

the growth chamber to observe the melting zone.
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Fig. 3.1. The setup of the LHPG system. PM: power meter. PC: the

personal computer.

A schematic diagram of the growth chamber and the side view are shown in Fig.

3.2. The CO; laser beam is transformed into a toroidal-shaped beam with a reflaxicon

(US-120-169176-01 and US-120-169282-01, II-VI). The beam is reflected upwards by

a 45° planar mirror and then focused by a paraboloidal mirror with a focal length of

25 mm. There is circular clearance at the center of the planar mirror and the

paraboloidal mirror to let the source material and the seed crystal go through. A side-

view photo of the growth chamber is shown in Fig. 3.3.
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Fig. 3.2. (a) A schematic of the growth chamber. (b) A 3D view of the growth

chamber created with SolidWorks. The CO; laser beam after the reflaxicon is a

toroidal-shaped beam instead of two split beams [75].

Fig. 3.3. A photo of the growth chamber, illustrating the paraboloidal mirror and

the focused CO; beam on the source rod.
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3.2 Single-Crystal Fiber Growth

Figure 3.4 shows the single crystal fiber growth process. The source crystal and
the seed crystal are held with metal grips, similar to those in mechanical pencils, fixed
to brass rods with a diameter of 6.35 mm. Each yellow brass rod is mounted on a 5-axis
manual stage to align the crystal source and the seed crystals, whereas two motorized
stages control the distance between them on the vertical axis for feeding the source
material rod upward and drawing the grown crystal fibers from the melting zone. The
top of the source rod is placed at the laser focal position in the growth chamber.

The seed crystal rod is pushed downward to the melting zone, as shown in the left
part of Fig. 3.4. Surface tension confined the molten zone on the vertical source rod [4].
The growing crystal fiber diameter can be adjusted by tuning the laser power and the
speeds of the two motorized stages. After touching the melting zone, the seed crystal
rod is pulled upwards for crystal fiber growth, and the source crystal is fed upwards to
supply the materials into the melting zone. The crystal seed rod pulls the melting zone
upwards and provides directional cooling in the vertical direction. Therefore, the

growing crystal's crystallographic orientation follows that of the seed rod.
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Fig. 3.4. Single-crystal fiber growth process. Left: before the crystal fiber growth.
Right: during the crystal fiber growth.

To create a crystal fiber with a uniform diameter along its axes, an excellent and
stability melting zone is needed [76]. The molten source rod's mass sent into the melting
zone must equal that brought away by the growing crystal fiber. In the steady-state, the
ratio between the cross-sectional area of the crystal fiber, Az, and that of the source rod,
Ay, can then be determined by the following equation:

A v
oo L (3.1)
A pyy;

where p,; and pr are the molten source rod's volumetric mass densities and the grown

crystal, respectively. vs and vy are the moving speeds of the source rod and the grown

crystal fiber, respectively. A schematic view of the melting zone can be seen in Fig. 3.5,

where Drand D; are the diameters of the growing crystal and source rod, / is the height
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of the melting zone, and ¢ is the growth angle, measured between the growth axis and

the tangent to the meniscus.

Fig. 3.5. Molten zone [76].

Because the source rod and seed rod materials are the same, p;s and prare also the

same. If both the source rod and the crystal fiber have circular cross-sectional areas, the

ratio between their diameters will be:

1%
o= (3.2)
K vf

The heat flux's stability in the growing crystal, which moves away from the

melting zone, consists of two parts: first is the heat flux from the melting zone toward

the upper melting zone interface. The second is the latent heat of crystallization. Surface
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tension and gravity are the only active forces during the growth process. The angle
between the meniscus and the growth axis, ¢, and the height-to-width ratio of the
melting zone must be controlled to ensure the growing crystal's quality. ¢ is related to
the surface tension of the melt and its ability to wet the crystal. ¢o, a stabilized growing
angle, is a material constant independent of the fiber growth rate, diameter, and zone
length, but not independent of the crystallographic orientation. The relevant
; ; = 2 2 051
relationships can be expressed as cosg,= o3, + 0}, — 2owon [76], where o4, Gy, and
o, are the interfacial free energies between interfaces of solid-gas, liquid-gas, and
solid-liquid, respectively. Perturbations in the length or volume of the melting zone lead
to diameter variations of grown crystals. Therefore, perturbations in the melting zone,
which are environmental vibrations and CO> power variations, endanger crystal fibers'
uniformity. Nonuniform fibers exhibit increased Rayleigh scattering loss.
In practice, it is easy to control the melting zone when its height is smaller than
. D, .
half of the diameter of the source rod, h < > The shape of the melting zone becomes

. . . D .
unstable if the diameters Dy and Dy differ too much. Therefore, the Ev ratio was
A

controlled to be less than 4.5 in the present work. If the % ratio is higher than 4.5, the
7

fiber growth would be tough. The target diameter of the Ti:sapphire single crystal fiber
is 16 pm. A bulk Ti:sapphire crystal (Casix) was cut into rectangular rods with a 500 um

% 500 pm cross-section to serve as the source material. The rectangular rod was first
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grown into a crystal fiber with a 290-um diameter. The 290-pm crystal fiber was then

used as the source rod to grow a 68-um crystal fiber. Finally, the 68-um crystal fiber

was grown into the 16-um crystal fiber. The photos of the molten zones for the growth

of 290, 68, and 16 um Ti:sapphire single-crystal fibers are shown in Fig. 3.6. For the

290 pum fiber growth, the ratio of the height to the width of the molten zone was about

L.5.

(c)

Fig. 3.6. Photos of the molten zone of Ti:sapphire single-crystal fiber growth: (a)

290 um fiber growth from rectangular rod (500 um), (b) 68 um fiber growth

from 290 um rod, and (c) 16 um fiber growth from 68 pm rod.
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3.3 Reduction Annealing Process

During crystal-fiber growth, Ti** ions are oxidized to Ti*" ions, and Ti**-Ti*' or
Ti**-Ti*'pairs form, which heavily reduces the fluorescence efficiency of Ti*" ions.
Therefore, a reduction process after single crystal core fiber is necessary. Previous
researchers reported that hydrogen could be used as an effective reducing atmosphere
[77-80].

A high-temperature furnace (LTF-18, Lenton) was used in the reduction annealing
process. Figure 3.7 shows the reduction annealing setup. Crystal fibers grown by the
LHPG process were placed on a pure boron nitride boat and inserted into the furnace.
The chamber had an exhaust tube leading to a conical flask with a stopper connected to
another conical flask with a tube submerged in water. That tube was inserted underwater
to keep the chamber's pressure slightly higher than atmospheric pressure and prevent
O: from entering the chamber during the annealing process. This is important to avoid
explosive reactions from happening due to a mixture of O, and H,. During the annealing
process, a gas mixture of 5% H> and 95% Ar was continually pumped into the chamber
to provide H for the reduction reaction.

The gas flow was 150 mL/min (sccm) and the sintering temperature was 1600 °C
for 18 hours. The fluorescence efficiency of the annealed fiber was 100 times higher

than that of the non-annealed single-crystal fiber.
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Fig. 3.7. Schematic view of the setup for the reduction annealing process [81].
34 Glass-cladding Process

Compared to the single-crystal fiber, the glass-clad crystal fiber provides a more
robust structure and better light confinement. The guiding properties of the crystal core
are sensitive to environmental perturbation, such as the changes in temperature or
mechanical stress. Therefore, fibers can be covered by thermal grease or metal, but this
results in a non-homogeneous refractive index surrounding the core and increases the
extinction coefficient. The core can be cladded with glass to overcome this problem,
reducing the propagation losses of the crystal fiber.

In the present work, we introduce two different cladding processes for the
fabrication of glass-cladded crystal fibers: a laser heating method [80, 82-84] and a
micro furnace method. The borosilicate capillary made of Corning 7740 was adopted.
It is widely known as the Pyrex borosilicate glass. A borosilicate glass consists of

80.6 wt.% Si03, 13.0 wt.% B20, 4.0 wt.% Na,O, 2.3 wt. % Al>O3, and other impurities.
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The properties of borosilicate glass are low thermal expansion coefficient, high
resistance to thermal shock, nearly colorless clear appearance, and high elasticity and
mechanical strength. The softening temperature of the borosilicate glass is 821 °C.
3.4.1 Microfurnace Heating Process

Compared to the laser heating process, the micro furnace process provides some
advantages to improve the packaging process. The microfurnace was not sensitive to
the sample alignment, which was stable for a capillary package process. The residual
strain was reduced with a larger heating region, which provided a slower cooling rate.
The microfurnace (Microtube THM-200, MXI) was constructed with a 10-mm
diameter MoSi» heating coil, a commercial heating element with a maximal temperature
of 1900 °C. The furnace is entirely ceramic with a volume of 2.87 x 2.87 x 5 cm® (W
x D x H). The temperature sensor is a B-type thermocouple. The mechanism of
indirectly heating glass capillaries in a furnace is different from that of laser heating,
which transforms absorbed CO» laser power to soften the glass directly, providing a
more stable temperature.

Figure 3.8 depicts the different parts of a micro furnace. Because of the larger
heating area (10-mm diameter and 10-mm length), this microfurnace was not sensitive
to the sample alignment, suitable for capillary packaging. Furthermore, the residual

strain is reduced with a larger heating length and a ceramic containment device that
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provides a slower cooling rate. Lower residual strain can improve the quality of glass-
clad Ti:sapphire crystal fibers. The microfurnace includes an additional B-type

thermocouple that facilitates the control of the heating temperature. Thus, it prevented

overheating and insufficient heating.

ALO; tube ———L,

Vacuum gap |
Single crystal 8
Heater >
Cladding producing - I
Glass capillary > 1
ALOj; ceramic —| —
insulation | .

Sealed tip

(b)

Fig. 3.8. (a) Photo of our microfurnace glass-cladding process setup and (b)
schematic of the fiber-filled capillary during growth [75].

After the glass cladding process, the crystal fibers were placed in an aluminum
holder and molten tin was poured into the holder to fix the crystal fiber. This tin
packaging method improves the thermal dissipation of the crystal fiber. The packaged
fibers were then cut into pieces with the desired lengths. Both ends of each section of

the crystal fiber were ground and polished to have smooth surfaces, so the output light
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is perpendicular to the fiber's surfaces for later optical measurement, as shown in Fig.

3.9.
Impregnated with
melting tin ~ 400 °C
4 I 8 mm ul Glass cladded crystal fiber
> ¢~2mmic 16mm )
¥ mm
Glass cladded crystal fiber ~30 or 40 mm

Grind and polish
Glass cladded crystal fiber

Fig. 3.9. The tin packaging steps [75].
3.5 Optical Property of Glass-clad Ti:sapphire Crystal
Fiber

3.5.1 Measurement of Propagation Loss

Using the cut-back method and fitted, the waveguide’s attenuation coefficients
with crossed polarization directions were obtained, as shown in Fig. 3.10. The
waveguide’s attenuation coefficient includes a propagation loss and an absorption
coefficient (absorbing from Ti** ions or Ti**-Ti*" ion pairs). Table 3.1 summarizes the
absorption and loss measurements at various exciting wavelengths. At 780 nm, the
signal loss of glass-clad Ti:AlO3 CF was 0.073 dB/cm, which includes the propagation
loss and re-absorption of the Ti**~Ti*" pair. The loss was markedly lower than that of
the Ti:sapphire waveguides in the literature [85-91], which were typically
approximately 0.65-3.498 dB/cm, as shown in Table 3.2. Distinguishing the

polarization dependency is difficult because of the low re-absorption loss of the Ti**—
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Ti*" pair. Based on the propagation loss of the glass-clad un-doped (pure) sapphire CF,
the calculated absorption at 520 nm of glass-clad Ti:sapphire CF was 3.845 dB/cm (m)
and 2.287 dB/cm (p), and the re-absorption of the Ti**~Ti*" pair was 0.013 dB/cm. With

the results, the figure of merit could be calculated as the following:

Ti Pu
Qs520) _ (%520~ X520\ _  41-026
FoM (0!730) B <“%o—a§§‘0) ©0.073-0.06 2953 (3.3)

all, and all, are the attenuation coefficients of glass-clad Ti:Al,O; CF at 520
nm and 780 nm, respectively. af¥  and al¥, are the propagation loss coefficients of
glass-clad pure Al,O3 CF at 520 nm and 780 nm, respectively. The figure of merit
(0(520 / a,g,) Was calculated higher than 250. By calculating with absorption coefficient
at 520 nm (asy0), the 0.049 wt.% Ti** concentration of glass-clad Ti:Al,O3; CF was
obtained. At the 0.049 wt.% Ti*" concentration, the absorption cross section and
emission cross section were similar to those of the commercial bulk material
[55,59, 61], but the figure of merit is still smaller than 1000 at the 0.1 wt.% Ti**

concentration that in the literature [59].
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Fig. 3.10. Profiles of experiment and fitted profiles of residual pump power

profile at 520-nm and m-polarization exciting [81].

Table 3.1. Attenuation coefficients of the glass-clad Ti:sapphire CF [84].

Attenuation coefficient Wavelength
(dB/cm) 520 nm 780 nm
Pure sapphire 0.26 0.06
n-pol 4.1 0.073
Ti:sapphire CF
o-pol 2.55 0.073
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Table 3.2.

Propagation losses of Ti:sapphire waveguides at 780 nm [18].

Fabrication Propagation loss
Author Year Structure
process (dB/cm)
L. Wuetal [78] 1995 Single CF LHPG 3.5
A. A. Anderson et al. Pulsed laser
1997 Planar 1.8
[86] deposition
Reactive ion
A. Crunteanu et al. [88] | 2002 Rib 3
etching
C. Grivas et al. [92] 2004 Rib Ar*-Milled 1.7
Proton
L. Laversenne et al. [93] | 2004 Buried 0.7
implantation
V. Apostolopoulos et al. Femtosecond-
2004 Channel 23
[94] irradiation
L. M. B. Hickey et al. Thermal-
2004 Channel 0.7
[88] diffusion
C. Grivas et al. [89] 2005 Rib PLD-grown 1.2
Buried- Proton
C. Grivas et al. [90] 2006 1
channel implantation
Written with
C. Grivas et al. [91] 2012 Channel 0.65
pulse laser
S.C.Wangetal [84] | 2015 | Glass-clad CF LHPG 0.073
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3.5.2 Measurement of Ti:sapphire Lifetime

Because of its high surface-to-volume ratio of a fiber structure, a CF has a good
heat dissipation. The fiber laser operation can be stable without any active cooling
devices, which is evidenced by our Cr**:YAG CF laser [95]. The fluorescence lifetime
of glass-clad Ti:sapphire CF is measured with different power and analyze the heat
dissipation capability of the glass-clad CF.

A frequency-doubled CW 532-nm Nd:YVOs4 laser was employed as the pump
source. The pump power is tuned via a half-wave plate and a polarization beam splitter,
and the power is monitored with a beam sampler reflecting a small amount of the pump
laser. Then, 16x aspheric lens pairs (5720-a, New Focus) and a mechanical chopper
(MC1000A, Thorlabs) are used to modulate the pump beam at a 1-kHz rate. The 10-
slot blade (MC1F10, Thorlabs) is placed at the focal plane to achieve a fall time of 90
ns. Nine of the 10 slots are blocked with aluminum foil to achieve the duty cycle of 5%.
The beam sampler is used to divide a small amount of the modulated pump light into
PD2 (DET10A/M, Thorlabs) as a trigger source of digital oscilloscope (TDS320,
Tektronix). The polarization of pump light is tuned with a half-wave plate to become
n-polarization. The 16x aspheric lens (5720-a, f= 16 mm, NA = 0.25, New Focus) is
coupling lens, and a 60x aspheric lens (5720-b, f= 2.8 mm, NA = 0.65, New Focus) is

collimating lens. The residual pump is blocked with a dichroic filter (LPD01-633RS-
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25, Semrock). A high-speed Si photodiode (DET200, Thorlabs) is the fluorescent

detector, as shown in Fig. 3.11. The time-resolved fluorescence is shown in Fig. 3.12.

Trigger
"| Oscilloscope
i -~
532-nm Polarizer Al mirror Signal
CW SS |.
laser —
ichroic
J/2plate  Beam sampler A .
d P Chopper 12 plate Glass-clad mirror
Ti:sapphire CF
P — PD
Almirror

Al holder
Beam

NA:025  uoley NA:025 NA 1 0.65
aspheric lens aspheric lens aspheric lens

Fig. 3.11. Lifetime measurement setup. PD: photon detector [81].
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Fig. 3.12. Time-resolved fluorescence of Ti:sapphire CF. Blue line is

fluorescence signal. Red line is fitting curve [81].

We measured the lifetime t of Ti:sapphire CF at pump power of 94 mW. The

fluorescent decays with an exponential time dependence exp(-t/t), with T = 3.12 ps,
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which is consistent with the 3.1-3.15 ps found in previous studies [55, 96]. However,
the lifetime decreases with the increasing pump power due to the thermal effect. The
relationships between lifetime and temperature are reported in [95, 97]. The lifetime is
3.15 ps at a room temperature of 300 K. The linear relationship assumption is 7, =
Tro — Tpr (T — T,.), where T and T, are temperature of the CF and room temperature,
respectively; 7y and 77, are the lifetime of the CF at 7" and T;., respectively; 7y, is the
thermal lifetime coefficient, which is about -0.33 ps /W in our CF, as shown in Fig. 3.13.
With the measured lifetimes, temperatures of crystal core can be estimated with
different absorbed pump powers. The maximum temperature of crystal core is only up
to 329 K with 1.6-W full pump power, and lifetime is 2.67 ps. It proves that the glass-

clad CF has high heat dissipation capability.

3.2
m Lifetime 1300
_ 3.1} — Linear fitting 305
2 0 S
g OF 310 S
£ 50l 315 2
o -
& 2
= 2.8} 202
3252
2.7¢
330

2’6 1 1 1 1 1 1 1
0 200 400 600 800 1000120014001600
Absorbed pump power (mW)

Fig. 3.13. Lifetime and temperature charges with different pump powers [81].
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3.6  Wavelength-tuning component
3.6.1 Diffraction Grating

Diffraction grating is an optical element that uses the periodic structure on the
substrate to modulate the phase of reflected or transmitted light to achieve wavelength-
tunning effect. Such elements are often used in monochromators and spectrum
analyzers, using gratings for wavelength selection. The grating can be divided into
reflection grating or transmission grating according to its own design. It can be divided
into blazed grating (Sawtooth grooves) or holographic grating (Sinusoidal grooves)
structure according to the periodic structure of grating.

A blazed grating is designed to optimize the maximal grating efficiency in a given

diffraction order

grating normal
+

incident light reflected light

diffracted light diffracted light

«—— blaze direction

Fig. 3.14. The schematic of a blazed grating.
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The dispersion of a grating is governed by the grating equation, usually written as:

d(sin 6;, + sin8,,) = mA (3.4)

where 4 is the diffracted wavelength, m is the order of diffraction, d is the grating

constant (the distance between successive grooves), i, is the angle of incidence

measured from the normal and 6, is the angle of diffraction measured from the normal.

Most energy of diffracted light is concentrated into m-th order light, when it

satisfies the condition:

_BintOm
== (3.5)

The grating equation can be presented:
mA = 2dsin(y)cos(6;,-Y) (3.6)

If we want the energy of diffracted lights focused on first order diffracted light, it

can be designed as Littrow configuration y = 68;,, = 6;.

)= 2dsin(6;,) (3.7)
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Chapter 4
Ultra-broadband Wavelength-swept Ti:sapphire

Crystal Fiber Laser

We used the green laser diodes (LDs) as the pump sources of Ti-doped sapphire
crystal, although the output mode of LD is poor compared to the traditional 532 nm

double-frequency solid-state laser. However, it is easy to use and has the potential to

simplify the experimental setup. Due to the short fluorescent lifetime and low
absorption cross-section of Ti:sapphire crystal, it is difficult to achieve low threshold
and high-efficiency output power. In our studies, the waveguide structure of glass-clad
crystal fiber (CF) was used to increase the efficiency of the pump and decrease
propagation loss. As the result, our previous work successfully produces a lower
threshold than the minimum threshold recorded in the literature [39]. This chapter
mainly introduces the wavelength-swept laser, and the ultra-broadband swept laser. It
is suitable for biological image acquisition and medical diagnoses such as optical

coherence tomography (OCT).

4.1 Double 520-nm Laser-diodes Pumped Ti:sapphire

Crystal Fiber Laser

In this thesis, the 520-nm LD (NDG7475, Nichia) is used as the pump source. We
combined two 520-nm LDs by using the polarizing beamsplitter cube (PBS). In Fig.
4.1, the polarization of LD is P-polarization, and the LD; is S-polarization.

In order to maintain the stability of the output power, the LD is placed on the
copper holder for heat dissipation, and the silver glue is spread between the LD and the

copper holder. The output powers of the LDs are related to the driving current, as shown
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in Fig. 4.2. The total pump power of combined LDs is 1814 mW.
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Fig. 4.1. The polarizations of LDs. PBS: polarizing beamsplitter.
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Fig. 4.2. (a) The P-I curve of LD;. (b) The P-I curve of LD».
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Figure 4.3 shows the measurement setup for spontaneous emission (SE) power
and residual pump power. A high numerical aperture lens (405-G-2, NA=0.6) was
used to collimate the pump light. In order to achieve the bidirectional output of CF,
the collimated laser light is reflected by a dichroic mirror (Di02-R532, Semrock).
An aspherical lens (C392TME-B, NA=0.64, {=2.75 mm, Thorlabs) was used to
couple the pump light to a CF and use an aspherical lens (C110TMD-B, NA=0.4,

f=6.24 mm, Thorlabs) was used to collimate the SE and residual pump powers.

# 520-nm
>

PM
Ti:sapphire
CF
Dichroic Al holder Dichroic
mirror mirror

Fig. 4.3. The measurement setup for SE power and residual power. PM: power

meter.

Table 4.1 presents the SE power and residual of four different CFs with a pump
power of 905 mW. The best length of CF is 2.7 cm. This CF could have the biggest SE
power and lower residual pump power. The CF has better absorption of pump power
with a fiber length of 3 cm; however, the SE power is weaker because of the larger

propagation losses with longer CF.
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Table 4.1. SE and residual powers of different Ti:sapphire CFs with a

pump power of 905 mW.
i SE Residual
Fiber SE (mW) Residual fici
m efficienc ower
length pump (mW) y Y
(cm) (%) (%)
A 3 8.5 20 1.03 22
B 2.7 9.6 25.4 1.06 2.8
C 24 8.7 34.7 0.96 3.8
D 2 4.12 60 0.45 6.6
50

doi:10.6342/NTU202203086



4.1.1 Continuous-Wave Ti:sapphire Crystal Fiber Laser with HR-

AR Coatings

In order to build up an external-cavity crystal fiber laser, the input end-face of the
crystal fiber was deposited with a highly reflective (HR) coating from 700 to 900 nm
and the output end-face with anti-reflective (AR) coating from 650 to 1000 nm. The

coating layers are SiO»/TiO: stacks deposited by an E-gun deposition system.
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Fig. 4.4. (a) Transmission spectrum of the HR coating. (b) The input end of CF

(HR).
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Fig. 4.5. (a) Transmission spectrum of the AR coating. (b) The output end of CF
(AR).
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The spectra of the HR and AR coating on the CF end-faces are derived from the
measured transmission spectra of the test glass plates, as shown in Fig. 4.4(a) and Fig.
4.5(a). The transmission of the HR coating at the 520-nm pump wavelength was as high
as 94.9%, and the transmission in the 700 to 900 nm laser operation window was below
5%. The design and measurement of the spectrum have a lateral wavelength shift of
about 14 nm, and the transmittance in the signal light band is 1.9~4.2%. The AR coating
has a transmittance of 55.4% at 520 nm and above 98.6% in the 700 to 900 nm
wavelength range. The microscope photos of the coated fiber end-faces are shown in

Fig. 4.4(b) and Fig 4.5(b).

In Fig. 4.6, two 1-W 520-nm LDs (NDG7475, Nichia) were used as the pump light
sources and combined by a polarizing beamsplitter cube (PBS). The pump was focused
into a tin-packaged glass-clad a-cut Ti:sapphire CF with an aspheric lens (L1, 5721-B-
H, f=2.8 mm, NA = 0.6, Newport). The length of Ti:sapphire CF is 2.7 cm. At the input
end, it was HR coated at 520 nm and high-reflection coated with a broad wavelength

coverage of 700 - 900 nm. At the output end, it was AR coated with a transmittance of

greater than 98.6% from 700 to 900 nm. The output of the CF was collimated with
another aspheric lens (L, C110TM D-B, f= 6.24 mm, NA = 0.4, Thorlabs). The output
beam profile was recorded with a charge-coupled device (CCD) (STC-TB202USB-AS,
Sentech). The lasing spectra were measured using an optical spectrum analyzer (Ocean
Optics USB4000 NIR and Anritsu MS9740A) from the backward direction through a
dichroic mirror (LPD01-633RS-25, Semrock) that reflected the pump power. Figure 4.7
presents the experimental and simulated results at a 520-nm diode pump, respectively.
The threshold power and the slope efficiency were 120 mW and 3.3%, respectively.

Table 4.2 presents the parameters of fitted experiment results and simulation.
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Fig. 4.6. Two 520-nm LDs pumped glass-clad Ti:sapphire CF laser scheme. PM:
power meter. OSA: optical spectrum analyzer. BS: beam splitter. PBS: polarizing

beamsplitter. OC: output coupler. L1 : aspheric lens.
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Fig. 4.7. L-I curve of two 520-nm LDs pumped glass-clad Ti:sapphire CF laser
with HR-AR coatings.
Figure 4.8 shows the lasing spectrum with a single peak at low pump power. Figure

4.9 shows that the lasing spectrum has multi-peaks at high pump power caused by the
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high-order transverse modes and longitudinal modes. The relationship between

longitudinal and transverse modes will be discussed in Ch. 5.

';. 1.0 -(a) Low pump power (b)
g

=

w»n

g

= 0.5}

=

=

g

[=3

wn

]

.0 L L . L
760 770 780 790 800 810 820
Wavelength (nm)

Fig. 4.8. (a) The lasing spectrum with low pump power of 247 mW. (b)

fundamental transverse mode of two 520-nm LDs pumped glass-clad Ti:sapphire

CF laser.
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Fig. 4.9. (a) The lasing spectrum with high pump power of 905 mW. (b) high-

order transverse modes of Ti:sapphire CF laser with high pump power.
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Table 4.2. Simulation parameters of fitted Ti:sapphire CF lasers with HR-

AR coatings.
This work
Absorption cross section at 520 nm (cm?) 57%x10°°
Emission cross section at 790 nm (cm?) 24%x107"
Lifetime thermal decay (us/W) -0.33
Average fluorescence lifetime (us) 2.67
Attenuation coefficient at 520 nm (dB/cm) 3.112
Coupling efficiency of CF at 520 nm (%) 88
Propagation loss at lasing wavelength (dB/cm) 0.073
Reflectance of HR coating at lasing wavelength (%) 95.3
Reflectance of OC at lasing wavelength (%) 98
0.049

3 :
TP doped concentration (wt.%)
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4.1.2 Continuous-Wave Ti:sapphire Crystal Fiber Laser with AR-

AR Coatings

In order to comprehensively use our crystal fiber, we also designed anti-reflection

coatings on both endfaces of CF, and set up a laser system with two output couplers

(OCs).
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Fig. 4.10. (a) Transmission spectrum of the AR coating. (b) The input end of CF

(AR)).

100k
\?95-
90
S 85E
Eso.
s 75
g70
= 65
H60-

SS¢E

—

----Design
—— Measurement

500 600 700 800 900 1000
Wavelength (nm)

(2) (b)
Fig. 4.11. (a) Transmission spectrum of the AR> coating. (b) The output end of
CF (AR»).
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The spectra of the AR and AR> coatings on the CF end-faces are derived from the
measured transmission spectra of the test glass plates, as shown in Fig 4.10(a) and Fig.
4.11(a). The transmission of the AR coating in the 520-nm pump wavelength was as
high as 99%, and the transmission in the 650 to 950 nm laser operation window was as
high as 99%. The AR; coating has a transmittance of 55.4% at 520 nm and above 98.6%
in the 700 to 900 nm wavelength range. The microscope photos of the coated fiber

endfaces are shown in Fig. 4.10(b) and Fig 4.11(b).

In Fig. 4.12, the pump was focused into a Ti:sapphire CF with an aspheric lens (L1,
5721-B-H, f= 2.8 mm, NA = 0.6, Newport). A 27-mm-long glass-clad Ti:sapphire CF
with core diameter at 16 um was employed as the gain medium, which has a single-
pass pump absorption of ~90% at 520-nm pumps. The endfaces of the glass-clad
Ti:sapphire CF were dielectric coated (input endface: AR1; output endface: AR2). An
aspheric lens (L2, 5723-B-H, f = 6.2 mm, NA = 0.4, Newport) was used to collect the

CF output. A16x aspheric lens (L3, 5726-B-H, = 15.4 mm, NA = 0.16, Newport) was
used to achieve mode matching with the OC;. A 16x aspheric lens (L4, 5726-B-H, f=

15.4 mm, NA = 0.16, Newport) is used to collect and collimate the laser output for
measurement. The threshold of 274 mW is shown in Fig. 4.13. In order to form a
resonant cavity, an additional lens and a mirror need to be added on the left side of the
laser system, so the threshold of the laser is increased. However, such a system opens
up more possibilities for future research, such as spatial filtering using single-mode
fibers and fiber-ring lasers. Table 4.3 presents the parameters of fitted experiment

results and simulation.
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Fig. 4.12. Two 520-nm LDs pumped glass-clad Ti:sapphire CF laser with AR-

AR coatings. OSA: optical spectrum analyzer. BS: beam splitter. PBS: polarizing

beamsplitter. OCi 2: output coupler. Li 3 4: aspheric lens.
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Fig. 4.13. L-I curve of two 520-nm LDs pumped glass-clad Ti:sapphire CF laser

with AR-AR coatings
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Table 4.3. Simulation parameters of fitted Ti:sapphire CF lasers with AR-

AR coatings.
This work
Absorption cross section at 520 nm (cm?) 57%x10°°
Emission cross section at 790 nm (cm?) 24%x107"
Lifetime thermal decay (us/W) -0.33
Average fluorescence lifetime (us) 2.67
Attenuation coefficient at 520 nm (dB/cm) 3.112
Coupling efficiency of CF at 520 nm (%) 88
Propagation loss at lasing wavelength (dB/cm) 0.073
Reflectance of OC; at lasing wavelength (%) 98
Reflectance of OC; at lasing wavelength (%) 98
T doped concentration (wt.%) 0.049
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4.2 Laser-diode Pumped Wavelength-tuning Ti:sapphire

Crystal Fiber Laser with Grating

Figure 4.14 shows the experimental setup of the tunable laser with a diffraction
grating, which is similar to the aforementioned setup, except that the output coupler is
replaced by the blazed grating (53004BK02-351R, Richardson Grating). The
polarization (short axis, c-axis) of the laser beam entering the cavity is the S-
polarization of the grating. The diffraction grating used in this experiment is a plane
ruled grating designed for use in the Littrow configuration, which means the 1% order
diffraction light goes back in the direction reversed to the incident light. The grating
has 600 grooves per mm and the area is 30x30 mm. The diffraction efficiency provided
by the manufacturer is shown in Fig. 4.15. The diffraction grating was mounted with its
groove in the vertical direction so that the intra-cavity laser beam was TM-polarized.
The wavelength tuning was accomplished by rotating the grating in the table plane. The
measured output power at the peak wavelength of 800 nm is shown in Fig. 4.16. The
slope efficiency is 0.61% and the threshold pump power is 320 mW. Table 4.4 presents
parameters of fitted experiment results and simulation. The wavelength tuning spectrum
recorded by the “maximum hold” function of the optical spectrum analyzer is shown in
Fig. 4.17. The wavelength-tuning Ti:sapphire CF laser has a tunable bandwidth of 260
nm (from 680 nm to 940 nm). Table 4.5 shows that this study successfully improved

the tuning bandwidth to 260 nm.
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Fig. 4.14. Schematic of the LD-pumped tunable glass-clad Ti:sapphire CF laser
with a Littrow-mounted blazed grating. BS: beam splitter. PBS: polarizing
beamsplitter. PM: power meter; OSA: optical spectrum analyzer. OC: output

coupler.
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Fig. 4.15. The diffraction efficiency of the grating [98].
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Fig. 4.17. The lasing spectrum of wavelength-tuning Ti:Sapphire CF laser.

62
doi:10.6342/NTU202203086



Table 4.4. Simulation parameters of fitted wavelength-tuning Ti:sapphire

CF lasers with AR-AR coatings.

This work
Absorption cross section at 520 nm (cm?) 57%x10°°
Emission cross section at 790 nm (cm?) 24%x107"
Average fluorescence lifetime (ps) 2.67
Attenuation coefficient at 520 nm (dB/cm) 3.112
Coupling efficiency of CF at 520 nm (%) 88
Propagation loss at lasing wavelength (dB/cm) 0.073
Reflectance of OC at lasing wavelength (%) 98
Ti doped concentration (wt.%) 0.049
Reflectance of blazed grating at 1% order (%) 88

Table 4.5. Comparison of wavelength-tuning Ti:sapphire lasers.

This work Previous C. Grivas J. F. Pinto et
work [99] etal. [91] al.[59]
Gain CF CF Channel Bulk
medium waveguide
Ti** doping
concentratio 0.049 0.0342 0.12 0.1
n (wt.%)
Threshold
(mW) 320 421 200 750
Pump power 1600 1525 1000 5000
(mW)
Tuning range 260 190.86 170 190
(nm)
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4.3 Ultra-broadband  Wavelength-swept Ti:sapphire

Crystal Fiber Laser with Galvo Mirror

WSL is a new type of pulsed laser. It is neither a time-domain mode-locked laser nor a Q-
switched laser. The pulses have different output wavelengths, unlike traditional pulsed lasers,
each pulse in the time domain contains all wavelengths. The pulse time interval of the WSL is
related to the modulation mechanism and the characteristics of the laser cavity. The output
changes under different pump powers, followed by the analysis of the experimental results of
the WSL.

The wavelength-swept Ti:sapphire crystal-fiber laser is shown in Fig. 4.18. After the
collimating lens, a galvo scanner (GVS001, Thorlabs) and a Littrow-configuration diffraction
grating (53004BK02-351R, 600 grooves/mm, Newport) were used as the wavelength selector.
The collimated laser beam was reflected to the diffraction grating by the galvo scanner, and the
Ist-order diffracted beam was directed back to the Ti:sapphire CF. The wavelength-selected
laser passes through CF, dichroic mirror (DM), and output coupler (OC) with 2% reflectance.
The emission spectra were monitored by an optical spectrum analyzer (MS9740A, Anritsu)
and the laser temporal dynamics was measured by a photodiode (PDA36A, Thorlabs). The

total cavity length from grating to OC is about 20 cm.

Galvo
mirror

Fig. 4.18. Experimental setup of wavelength-swept Ti:sapphire CF laser [40].
With increasing tuning repetition rates from 10 Hz to 1200 Hz, the laser was able
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to maintain a broadband tuning range around 250 nm with no apparent trade-off
between tuning range and repetition rate, as shown in Fig. 4.19. This means that the
1.6-W pump power could provide enough gain to compensate the population inversion
loss up to at least 1200 Hz, which was limited by the Galvo rotation speed. However,
the WSL output power decreases at high tuning speed because the laser built-up time
decreases as the tuning speed increases. The laser output power of WSL is shown in
Fig. 4.20. Figure 4.21 shows the measured instantaneous linewidth of the WSL. After
deconvolution, it was 0.018 nm, which corresponds to a 3-dB coherence roll-off of

7 mm.
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Fig. 4.19. The spectra of WSL at different repetition rates [40]. The WSL spectra
were recorded using the “maximum hold” function of the OSA.
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Fig. 4.21. The measured instantaneous linewidth of WSL [40].
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To study the swept laser steady-state performance, a distributed glass-clad
Ti:sapphire CF model was utilized to fit the experimental result [100]. Considering the
input face of the Ti:sapphire CF is at z=0, the distributed pump power, P,(z), and signal

power, Ps(z), can be expressed as

@ — [N, @0+ Pio), @.1)

+ dP; (Ag.2)
dz

Z[NZ(Z)FO-e pl]Pi(j'kZ)_i_NZ(Z)AcorcS (A)A/lka (42)

where N, (z) and N: (z) are the electron densities of the ground and excited states, respectively.
o, and o, represent the absorption and emission cross-sections, respectively. a,,, and ap

are the propagation losses at the signal and pump wavelengths, respectively. 77, and I’y are
the pump and signal confinement factors, respectively. 4.,,. isthe core area of the Ti:sapphire
CF. Ais the wavelength. A4, is the width of the i wavelength slot centered at 4. The single-

mode spectral power density of the spontaneous emission [101] can be expressed as,

2he? ). (4.3)

" COIL

Sep(D)=+

where 4 is the Planck’s constant. ¢ is the speed of light in vacuum. g, is

5.7 x 107%%cm’, g, is 2.4 X 107"%cm’, o7, is 0.26 dB/cm, and «y, is 0.045 dB/cm.

As shown in Fig. 4.20, the simulation result agrees well with the experiment. The
simulation parameters are listed in Table 4.6. A pump coupling efficiency of 93% was
obtained. The roundtrip loss of the laser cavity was 35.7% (1.93 dB). The highest gain

coefficient of the Ti:sapphire CF is 0.7 cm™.
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Table 4.6. Loss of wavelength-swept Ti:sapphire CF laser [40].

Component/parameter Loss (dB) Loss (%)
Coupling efficiency of 031 7
CF
Propagation losses of
CF 0.14 3
Galvo mirror 0.18 4
reflectance
Grating diffraction 0.56 12
Dichroic mirror 0.6 13
reflectance
Lens 0.05 1
Output cpupler 0.09 )
transmission
Total roundtrip loss 1.93 35.7

To study the swept laser dynamics, the galvo mirror was operated at a 600-Hz
frequency, which corresponds to a 1.2-kHz laser repetition rate, = 0.6 V sinusoidal
voltage driving, as shown in Fig. 4.22(a). The WSL pulsed behavior can clearly be seen
in Fig. 4.22(b). It is associated with the low signal gain so that the laser build-up time
cannot keep up with the wavelength sweeping by the galvo-grating configuration.
Figure 4.22(c) shows the temporal output of the WSL at a pump power of 1.6 W with a

repetition rate of 1.2 kHz.
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Fig. 4.22. (a) The applied voltage for galvo mirror, (b) The signal of wavelength-
swept laser with 250-nm bandwidth, and (c) Extend and fit the signal of the

wavelength-swept laser [40].

69
doi:10.6342/NTU202203086



The pulsed laser exhibits an oscillating tail with an 11.09-MHz frequency. Since
the oscillating and trailing tail was a result of relaxation oscillation of the Ti:sapphire
CF, the small-signal perturbation approach was used to obtain the internal carrier

properties [102]. The complex relaxation oscillation frequency, S, can be expressed as

s= L +j -1 _ <L)2 ) (4.4)

2ty T TcTf 2tf

where 1 is the ratio between the pump power and threshold power. 7. is the photon
lifetime, from which the cavity roundtrip time above cavity roundtrip loss can be
approximated. The frequency of the damped sinusoid is the relaxation oscillation

frequency, wg, which is then given by

2
r—1 T
wp = \[f—<;) . (4.5)

As shown in Fig. 4.22(c), at a pump power of 1.6 W, the measured pulse damping

behavior agrees well with the simulation. 7, = 2.67 ps and r = 3.2 were used to fit
Eqgs. (4.4) and (4.5). The relaxation oscillation frequency increases at higher pump
powers as shown in Fig. 4.23. And, the total roundtrip loss estimated based on the pulse
dynamics is also consistent with that obtained from the steady-state rate equation fitting
in Fig. 4.20. As mentioned earlier, the tuning speed is mainly limited by the galvo mirror.
The number of pulses within the WSL comb-like spectra is dictated by the Ti:sapphire

gain.
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Fig. 4.24. The point spread function of wavelength-swept laser based SS-OCT
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When using the Ti:sapphire swept laser as the light source of SS-OCT, the calculated PSF
is shown in Fig. 4.24. The estimated axial resolution is 1.8 um in air, which reveals our WSL
could provide cellular resolution. The PSF side lobes are less than 10% (0.46 dB), which
indicates low axial image pixel crosstalk. At a sweeping wavelength speed of 300 nm/ms with
a repetition rate of 1200 Hz, the 0.018-nm instantaneous linewidth of the Ti:sapphire swept

laser can achieve a 3-dB sensitivity roll-off of 7 mm.

4.4  Modeling of Wavelength-swept Ti:sapphire Crystal

Fiber

The WSL in this study by using galvo mirror to change the incident angle of light
on the grating, so different wavelengths can be output at different times. Each lasing
laser starts to grow from small signal. In order to simulate the characteristics of the
wavelength changing with time in the WSL, the time differential term is added in Eq.

(4.1) and (4.2), the following expressions for the WSL:

[0PF (Aj.z,t) 4 OPF (Apz,t)
0z —c at

-+

] = —[[pNy (2, ) (&) + ap|BF (A, 2, t), (4.6)

-+

[0PF (A, 2, t) " dPE (A, 2, t)
0z ~c ot

= [NZ (Zr t)rso-e (Ak) - a;l]Psi (Ak' Z) + ZNZ (Z' t)AcoreSsp (AR)AARI (47)

where Ng (z) and N2 (z) are the electron densities of the ground and excited states,

respectively. o, and o, represent the absorption and emission cross-sections,

respectively. a,; and agl

are the propagation losses at the signal and pump
wavelengths, respectively. I,and I are the pump and signal confinement factors,

respectively. A,,,.1S the core area of the Ti:sapphire CF. A is the wavelength. A, is

the width of the i wavelength slot centered at A.
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dN,(z,t)
dt

= Ny(z,)Ro3(z,£) — Ny(2,£) (Wi (A2, 1) + if] 4.8)

where R,5 is the transition probability of the ground state absorption, and W,; is the
transition probability stimulated emission at A;.

In the area where the laser threshold is relatively large, the time interval between
two adjacent pulses is longer. In time domain, the time interval of adjacent pulses was
affected by parameters such as laser threshold, half-width of grating filter, population
inversion, spontaneous emission power spectral density, and stimulated transition
probability. At a high repetition rate, the low gain coefficient of Ti*" limits the number
of lasing peaks within the tuning wavelength range. Eventually, the laser built-up time
will limit the maximum repetition rate. In Fig. 4.25, the pulse time interval of WSL
becomes larger as the repetition rate increases. Using WSL simulation, the pulse time
intervals of WSL with different wavelengths are shown in Fig. 4.26. Since the gain of
Ti:sapphire is a Gaussian distribution, the time interval of lasing wavelength, which is
close to the center wavelength is shorter due to the higher gain. However, the time
interval of lasing wavelength, which is far away from the center wavelength is longer
due to the lower gain. Table 4.7 presents the parameters of fitted experiment results and

simulation.
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Table 4.7. Simulation parameters of fitted wavelength-swept Ti:sapphire

CF lasers.

This work

Tuning range (nm)

680~940

Absorption cross-section at 520 nm (cm?)

57x107"

Emission cross section at 790 nm (cm?)

24x10"

Lifetime decay (us/W)

-0.33

Average fluorescence lifetime (us)

2.67

Attenuation coefficient at 520 nm (dB/cm)

3.112

Coupling efficiency of CF at 520 nm (%)

88

Propagation loss at lasing wavelength (dB/cm)

0.073

Reflectance of OC at lasing wavelength (%)

98

Reflectance of blazed grating at 1% order (%)

88
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Chapter 5
Single-transverse Mode Ti:sapphire Crystal Fiber

Laser

For laser applications, the size and location of the resonator mode are vital. Higher-
order modes possess a higher threshold and are less efficient, but they can oscillate
nonetheless if the resonator and pump optics are not designed properly. It is possible to
generate high-order transverse modes by misaligning the end mirrors. In multimode
operation, the characteristics of the output beam, such as divergence, focused spot size,
and Rayleigh range, are poorly defined. For fundamental mode operation, there are
numerous advantages that make it a desirable design goal. The divergence of a laser
beam can be low, which keeps the laser with high power density over long propagation
distances. The focused spot size can be smaller than that produced by higher-order
modes. The high brightness and small spot size of this type of laser make it ideal for
laser cutting [103], medical treatment [ 104], and other applications. In addition, because
the output beam intensity is characterized by a uniform Gaussian profile, it is useful for

many illumination and OCT applications [105].

5.1 Mode-field Analysis of Wavelength-swept Ti:sapphire

Crystal Fiber Laser

The experimental setup is the same as Fig. 4.18. The transverse mode of WSL was
imaged on a charge-coupled device (CCD) with an aspherical lens (L4, 5726-B-H, f =
15.4 mm, NA = 0.16, Newport). Nevertheless, instantaneous CCD images are difficult
to capture during wavelength sweeps. Therefore, the transverse modes at different

wavelengths were analyzed by rotating the grating manually, as shown in Table 5.1.
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Table 5.1. The transverse modes of wavelength-tuning Ti:sapphire CF laser.

683.15 nm

703.5 nm

722 nm

742.82 nm

762.02 nm

782.78 nm

792.69 nm

802.53 nm

822.13nm

842.01 nm

860.47 nm

882.58 nm

903.23 nm

920.22 nm

937.07 nm
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The tuning range is from 683.15 nm to 937.07 nm. The transverse modes are highly
wavelength-dependent, and exhibit typically few-mode patterns. When the tuning
wavelength is close to the center wavelength (near 800-nm), the laser is more easily
modulated into the fundamental mode due to the gain guiding effect.

In order to analyze the spatial distribution, the transverse modes for each
wavelength, we calculate their center of intensity. , as shown in Fig. 5.1(a) and (b). The
transmission distance form laser output coupler to CCD is 10 cm. Calculating the
relationship between the spatial distribution of the center of intensity and transmission
distance can further provide the pointing in the X- and Y-directions, as shown in Fig.
5.2. The standard deviation of the pointing in the X- and Y-directions is 877.7 um and
987.7 um, respectively. Through different analysis methods, it has been repeatedly
shown that the number and spatial distribution of transverse modes formed by different
wavelengths are random and difficult to control. As a result, this ultra-broadband WSL
cannot be effectively used in various measurements, such as interferometry, because it
shows that each wavelength cannot be fixed to measure the same position. For future
applications, this result will make many unexpected erroneous measurements and

analyses.
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Fig. 5.1. The transverse mode pattern at (a) 860.47 nm, and (b) 882.58 nm.

(Yellow dots indicate the coordinate and intensity of each transverse mode)
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Fig. 5.2. Wavelength-dependent pointing stability.
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5.2 Analysis of Ti:sapphire Crystal Fiber Lasers with

Single-mode Operation

5.2.1 Mode-field and Spectrum Analysis of Continuous-wave

Ti:sapphire Crystal Fiber Laser

Since the spatial filtering technique can reduce transverse mode numbers, we
decided to insert the single-mode fiber into the laser cavity. By using the spatial filtering
method to generate the single-transverse-mode laser. The experimental setup is the
same as Fig. 4.12. The CW laser was generated to analyze the output characteristics via

CCD. A16x aspheric lens (L3, 5726-B-H, f=15.4 mm, NA = 0.16, Newport) was used
to achieve mode matching with the OC;. A 16x aspheric lens (L4, 5726-B-H, f=15.4

mm, NA = 0.16, Newport) is used to collect and collimate the laser output for
measurement. The threshold of 255 mW is shown in Fig. 5.3. In Fig. 5.4, the spectrum
became more complex as pump power increased from 476 mW to 1600 mW. There are
three reasons by which the spectrum becomes complex: the ultra-broadband gain
medium, the inhomogeneous broadening caused by the inhomogeneous gain medium,

and the spatial hole burning effect caused by the spatial standing wave.
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Fig. 5.3. L-I curve of Ti:sapphire CF laser.
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Fig. 5.4. Spectra of Ti:sapphire CF laser with different pump powers.
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The transverse modes of Ti:sapphire CF laser with different pump powers were
imaged on a CCD, as shown in Fig. 5.5(a). With an increased pump power from 476
mW to 1600 mW, a complex CCD image was recorded due to the generation of multiple
transverse mode. This is because the gain medium in this experiment is a multimode
CF, so high-order transverse modes are likely to exist in the CF. When the pump power
increases, the high-order transverse modes will have enough gain to overcome the laser
threshold. By using ImageJ to establish the energy distribution of multiple transverse
mode in three-dimensional (3D) graphics, it is easier to distinguish the distribution

range of laser and ASE, as shown in Fig. 5.5(b).
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Fig. 5.5. (a) The transverse modes of two 520-nm LDs pumped glass-clad
Ti:sapphire CF laser with different pump powers. (b) A 3D profile of the multi-

transverse-mode intensity with 1600-mW pump power.
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5.2.2 Mode-field and Spectrum Analysis of Continuous-wave

Ti:sapphire Crystal Fiber Laser with Single-mode Operation

For single-mode operation, the single-mode fiber (780HP, Thorlabs) was inserted

into the CW laser system, as shown in Fig. 5.6. A16x aspheric lens (L3, 5726-B-H, f =

15.4 mm, NA = 0.16, Newport) was used to couple the ASE into 780HP fiber. At the
end of fiber, the butt-coupling method was used to achieve mode matching with the

OC;. A 16x aspheric lens (L4, 5726-B-H, f = 15.4 mm, NA = 0.16, Newport) is used

to collect and collimate the laser output for measurement. t. This configuration has a
lasing threshold of 398 mW, as shown in Fig. 5.7. As a result of the spatial filtering,
the spectrum maintains nearly single-transverse mode as pump power increased from

476 mW to 1600 mW, as shown in Fig. 5.8.
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Fig. 5.6. Schematic of the LD-pumped glass-clad Ti:sapphire CF laser with an

intracavity optical fiber (780HP).

83
doi:10.6342/NTU202203086



W
=

¢ Experiment
Simulation

th

NN
=

Laser power (mW)
[—y
N

10
S5F
0 h . . ] . ] ; |
0 400 800 1200 1600
Pump power (mW)
Fig. 5.7. L-I curve of the Ti:sapphire CF laser with intracavity optical fiber (780HP).
= 7
= 1600 mW l
3} h
g | 1213 mw
=
§ 833 mW
(=
)
476 mW l

750 760 770 780 790 800 810 820
Wavelength (nm)

Fig. 5.8. The lasing spectrum of single-transverse-mode Ti:sapphire CF laser

with intracavity optical fiber (780HP) for different pump powers.
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As a result, the multi-transverse mode will induce additional longitudinal
modes, and, as a consequence, the lasing will be nearly single wavelength as the
high-order modes were filtered, as show in Fig. 5.9. Some slight peaks can still lase
near the main lasing wavelength, so we can speculate that produced by
inhomogeneous broadening effect and ultra-broadband gain medium. From the
results, it can be speculated that the multi-path characteristics of multi-transverse

mode, that induce serious spatial hole burning effect.

1213 mW 1600 mW
(2)

Fig. 5.9. (a) The single-transverse mode of Ti:sapphire CF laser with different

pump powers. (b) A 3D profile of the single-transverse-mode intensity with

1600 mW pump power.
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5.3 Mode-field and Spectrum Analysis of Wavelength-
swept Ti:sapphire Crystal Fiber Laser with Single-mode

Operation

Two different types of optical fibers are inserted in the wavelength-swept
Ti:sapphire crystal-fiber laser, as shown in Fig. 5.10. The emission spectra were
monitored by an OSA (MS9740A, Anritsu) and the transverse mode of the laser was
measured by a CCD. The total cavity length, including the optical fiber, is about 120 cm.
A comparison of the L-I curves of the WSL, with and without fiber, is shown in Fig.
5.11. By inserting the SMF-28e optical fiber (Thorlabs), the threshold is increase from
346 mW to 464 mW. From the simulation results, we calculated that the loss of the
WSL system has an insertion loss of 10% when using the SMF-28e optical fiber.
However, comparing the insertion loss of the two fibers shows only a 5% difference.

The threshold shifts from 346 mW to 512 mW when inserting the 780HP optical fiber.

520-nm
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520-nm Grating
LD S PBS
2 ARi AR
Flip . 4
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’ —_—————
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1

Fig. 5.10. Experimental setup of wavelength-swept Ti:sapphire CF laser with

L, Dichroic L

mirror mirror

inserting different types of fibers.
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Fig. 5.11. The L-I curves of WSL with inserting different types of fibers.

Figure 5.12(a) shows the CCD image that represents the intensity profile of the

WSL without inserting any fiber, which shows an obvious multi-transverse mode output.

The 3D profile shows that in addition to the distribution of multi-transverse mode, and

the laser still exhibits many stray lights, such as ASE. With the SMF-28e optical fiber

filtering out most high-order transverse modes, the original multi-transverse mode of

the WSL has been reduced significantly. From the CCD image and 3D intensity profile,

it can be observed that the laser output has several transverse modes, as shown in Fig.

5.12(b). In Fig. 5.12(c), the single-transverse-mode WSL was obtained after spatial

filtering with a 780HP optical fiber. By comparing Fig. 5.12(b) with Fig. 5.12(c), it can

be observed that two transverse modes are only slightly different, which explains why

the laser thresholds obtained when using both types of fibers are so close in Fig. 5.11.

Table 5.2 presents the parameters of fitted experiment results and simulation.
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Table 5.2. Simulation parameters of fitted wavelength-swept Ti:sapphire

CF lasers with different types of optical fibers.

This work
Tuning range (nm) 680~940
Absorption cross-section at 520 nm (cm?) 57x107°
Emission cross section at 790 nm (cm?) 24%x10"
Lifetime decay (us/W) -0.33
Average fluorescence lifetime (us) 2.67
Attenuation coefficient at 520 nm (dB/cm) 3.112
Coupling efficiency of CF at 520 nm (%) 88
Propagation loss at lasing wavelength (dB/cm) 0.073
Reflectance of OC at lasing wavelength (%) 98
Reflectance of blazed grating at 15 order (%) 88
Insertion loss of SMF-28e optical fiber (%) 10
Insertion loss of 780HP optical fiber (%) 15
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However, the spatial filtering technique makes the tuning range of WSL
discontinue, since the multi-transverse-mode characteristics of Ti:sapphire CF are not
optimized. Thus, the spectrum becomes more discrete as the spatial filtering effect is
stronger, as shown in Fig. 5.13. Due to the increase of loss caused by single-mode fiber,
the tuning bandwidth is reduced from 250 nm to 192 nm. Nevertheless, all the
wavelengths generated are single transverse mode outputs, which improves the

feasibility of applying this WSL in practical applications.
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Fig. 5.13. The spectra of WSL with inserting different types of fibers. The resolution

bandwidth of the OSA is 1 nm.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In our laboratory, Ti:sapphire single CF grown by the laser-heated pedestal growth
method significantly improves thermal dissipation and pump interaction length. The
diameter of the Ti:sapphire single CF is 16 pum. The cladding process was produced by
the glass cladding process. At 780 nm, the signal loss of glass-clad Ti:sapphire CF was
0.017 cm™!, which includes the propagation loss and re-absorption of the Ti**~Ti*" pair.
The maximum temperature of crystal core is only up to 329 K with 1.6-W full pump
power, and lifetime is 2.67 ps. It proves that the glass-clad CF has high heat dissipation
capability. Using this glass-clad Ti:sapphire CF as the gain medium, there are three
types of Ti:sapphire CF lasers were built up.

A. Continuous-wave Ti:sapphire crystal fiber laser with AR-AR coatings

In order to comprehensively use our crystal fiber, we designed anti-reflection coatings on
both endfaces of CF, and set up a laser system with two output couplers with the threshold of
274 mW. Such a system opens up more possibilities for future research, such as spatial filtering
using single-mode fibers and fiber-ring lasers.

B.  Wavelength-tuning Ti:sapphire crystal fiber laser with grating

The wavelength tuning was accomplished by rotating the grating in the table plane. The
slope efficiency is 0.61% and the threshold pump power is 320 mW. The wavelength-tuning
Ti:sapphire CF laser has a tunable bandwidth of 260 nm (from 680 nm to 940 nm).

C. Ultra-broadband wavelength-swept Ti:sapphire crystal fiber laser with galvo mirror
A 250-nm-tuning-range WSL with a 1200-Hz repetition rate is successfully demonstrated.

Both the steady-state performance and the pulsed dynamics well agree with our simulations.
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At a sweeping wavelength speed of 300 nm/ms with a repetition rate of 1200 Hz, the 0.018-nm
instantaneous linewidth of the Ti:sapphire swept laser can achieve a 3-dB sensitivity roll-off of
7 mm. The estimated axial resolution is 1.8 pum in air, which reveals our WSL could provide
cellular resolution. The PSF side lobes are less than 10% (0.46 dB), which indicates low axial
image pixel crosstalk. Finally, a single-transverse mode WSL is successfully demonstrated by
using the spatial filtering method. As a result, it improves the feasibility of applying this WSL

in practical applications.

6.2 Future Work

For optimum use of this light source , a single-mode fiber structure of Ti:sapphire
CF is necessary for improving single-transverse mode Ti:sapphire WSL. For matching
broadband refractive indices, A> O3 ceramic is a suitable cladding material for sapphire
cores [51]. Combining the spatial filtering method used in this dissertation with the
single-transverse mode Ti:sapphire CF, the single-transverse mode swept-frequency
laser can be truly realized. Our group has demonstrated high-speed Mirau-based FF-
OCT, which can provide high quality lateral and axial images. However, the scanning
speed of most FF-OCT are too slow, because scanning depth is depended on PZT
movement. So, the image quality may be worse by vibration from environment. In the
future, the single-transverse mode WSL could be integrated with the Mirau-based FF-

OCT for high en face imaging rates.
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Appendix

A. Ti:sapphire Fiber-ring Laser with SMF-28e Optical Fiber
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Schematic of Ti:sapphire fiber-ring laser with SMF-28e fibers. PBS: polarizing
beamsplitter. PM: power meter; OSA: optical spectrum analyzer. PC:

polarization controller.
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B. Ti:sapphire Fiber-ring Laser with 780HP Optical Fiber
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Schematic of Ti:sapphire fiber-ring laser with 780HP fibers. PBS: polarizing
beamsplitter. PM: power meter; OSA: optical spectrum analyzer. PC:

polarization controller.
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