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Abstract

Laser as one of the core components of the photonics industry plays a crucial role in keeping the
compound annual growth rate (CAGR) of this industry much higher than the average of global
GDP growth. The exceptional performance of fiber laser and its advantages, including
robustness, excellent heat dissipation capability, compactness, high beam quality, free from
alignment, low cost, etc. are the reasons that fiber laser shares about 50% of laser market revenue.
The extensive applications of fiber lasers in industry, medicine, research, defense and other areas
make them demanding for the future of our lives. Thulium doped fiber laser has been
demonstrated to be able to operate from ultraviolet to mid infrared. The work presented in this
dissertation, includes demonstration of single frequency blue laser fiber amplifier using thulium
doped fiber; study of thulium doped fiber laser operating at 785 nm; investigation of 2 pm
thulium doped fiber laser and magneto optical glasses for all fiber optical isolator and circulator

in 2 um region.

In chapter 1, the performance of blue laser fiber amplifier was studied. A single frequency blue
laser all-fiber amplifier was demonstrated for the first time. Over 150 mW continuous-wave
single transverse-mode, and single longitudinal mode blue laser output was obtained with a 10-
m 1000 ppm thulium-doped fluoride fiber pumped by a 1125 nm fiber laser at a power of 2 W.
The output power was limited due to the onset of the competitive lasing at 784 nm. The concept
of blue laser MOPA for underwater optical communication system was also demonstrated by
using a GaN diode laser at 478 nm as the seed laser and a 7.5 m Tm3*-doped ZBLAN fiber
amplifier as the power amplifier. A maximum output power of 235 mW was obtained . Photo-

darkening and photo-curing of the thulium-doped fiber amplifier were also studied and analyzed.
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In chapter 2, all-fiber single-transverse-mode laser oscillators operating at 785 nm were
demonstrated by splicing a 0.1 mol% Tm?3*-doped fluoride fiber with a core diameter of 4 pm
and a numerical aperture of 0.07 to a pair of silica fiber Bragg gratings. About 500 mW of
continuous-wave single transverse mode laser outputat 784.5 nm witha 3-dB spectral bandwidth
of 0.2 nm was obtained by upconversion pumping a 3-m-long gain fiber at 1125 nm. Our
experiments show that the ground-state absorption of Tm3* at 785 nm is the origin of low
efficiency in previous reports. The efficiency of this all-fiber laser can be improved by using a

gain fiber with optimized overlap between the laser, the pump and the fiber core, and employing

new pumping schemes that deplete the ground state sufficiently.

In chapter 3, thulium doped fiber laser operating in CW regime with several watts output power
in 2 um region was demonstrated. 793 nm high power diode pump was used to pump the gain
fiber and the slope efficiency of 35% was obtained. Ring cavity design and linear cavity design

of thulium doped fiber Q-switched laser operating in 2 um region were also demonstrated.

In chapter 4, Dy3* doped glass as a promising paramagnetic glass operating in mid IR region for
magneto optical applications was studied. Due to their large effective magnetic moment, Dy3*-
doped materials have attracted much interest for magneto-optical applications. Highly Dy3*-
doped glasses with concentrations from 40 wt.% to 75 wt.% were fabricated and their magneto-
optical properties were investigated. A Verdet constant of -7.94 rad/T/m (-455 deg/T/m) at 1950
nm was measured with the 75 wt.% Dy3*-doped glass. This is the highest reported Verdet
constant around 2 um for a paramagnetic glass. Our experimental results show that highly Dy3*-
doped glasses are promising isotropic magneto-optical materials for applications in the 2 um

wavelength region.
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In chapter 5, magneto optical properties of chalcogenide glasses operating in 2 um wavelength
region were studied. A Verdet constant of 870 deg/T/m at 1950 nm with the figure of merit of
more than 500 deg/T, which is the highest value reported in glass materials at this wavelength,

was measured for tellurium-arsenic-selenium glass (TezoAS30S€50). Compared to other
chalcogenide glasses, such as Ge;,Seqq and Ge,sAS15S60, T€20AS30S€50 glass exhibits higher
Verdet constants, broader mid-infrared transparency window, and longer infrared absorption
edge, making it a very promising material to fabricate magneto-optical devices for mid-infrared

applications.
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Chapter 1 Blue Laser Fiber Amplifier

1.1 Introduction

A broad application of blue coherent light demands substantial research and study on building
stable and robust blue laser. For instance, due to low absorption of ocean water in 450 - 490 nm;
a low-cost, rugged, and high energy blue laser source must be developed for widespread and rapid
airborne bathymetric LIDAR[1], or since the wavelength of blue light is shorter compared to green
and red, it is highly demanded for high density optical data storage [2], and high resolution
imaging[3]. Blue laser can also be used for pollution monitoring [4], and medical diagnostic for

detecting cancerous and precancerous cells[5]. Moreover, blue laser is a very promising light

source for the underwater communication system|[6].

There are different type of lasers that can emit blue light. Among gas lasers, argon ion (Ar*) laser
and helium-cadmium (He-Cd) laser can emit blue light[7]. They can emit blue light at different
wavelengths such as 488, 458, 477, 497, and 442 nm. The ground state of Ar*is obtained by
changing electron state configuration from 3p® to 3p°. To obtain blue laser, Art will be excited to
4p and the lasing occurs on of 4p—4s transition. Since both the 4s and 4p levels actually consist
of many sub-levels, the Ar* laser is found to oscillate on many lines, the most intense being in the
green (514.5 nm) and in the blue (488 nm) [7]. He-Cd laser is also able to operate at 442 nm [8].
Dye lasers can also operate in blue region. They utilize an active medium including a solution of
an organic dye in a liquid solvent such as methyl alcohol, ethyl alcohol, glycerol, or water[7]. For
example, coumarin 2 can oscillate around 450 nm. Semiconductor laser is one of the most
important class of lasers for different applications. The first demonstration of Gallium- nitride

(GaN) based laser diode emitting around 400 nm was done by Nakamura's group[9] Gallium-
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nitride based blue emitting diode lasers can operate in a wide range of blue region from 400 to 480
nm[10]. But the beam quality is always degraded and the power scaling is usually limited by the
thermal issues of semiconductor. Frequency doubling can also be used to generate coherent blue
light. Nd:YAG operating at 946 nm can generate light at 473 nm by use of nonlinear crystal with
high second harmonic generation capability [11], Nd:YVO4 emission at 914 can be utilized to
generate 457 nm [12], High-power optically pumped VECSELS can also be used to generate blue
light by intra-cavity frequency doubling method[13]. But harmonic generation lasers are very
sensitive to the environment and lack of agile wavelength tunability. Mode locked Ti:sapphire
lasers can be also be used as the pump in frequency doubling to generate a tunable coherent light
from 375-435 nm[14]. However, power scaling of this type of laser is limited by the thermal-
optical problems and crystallographic properties of Ti:Sapphire. In addition, Ti:Sapphire laser

requires careful alignment and frequent maintenance.

Among different methods to generate blue light, fiber lasers are very promising. Fiber lasers have
advantages including power scalability, low thermal effect, high beam quality, compactness, and
free from alignment, etc. Presidium ion (Pr3*) and thulium (Tm?3*) are the two rare earth ions that

can be doped into fiber and generate blue light[15,16]. Pr3*is usually used for longer blue

wavelength like 490 nm, while Tm3* usually has better emission efficiency around 480 nm.

Due to low phonon energy of ZrFs-BaF2-LaFs-AlFs-NaF (ZBLAN) glass, thulium doped ZBLAN
has several radiative transitions, which are non-radiative in Tm3*-doped silica glass [17]. For
instance, Tm3*-ZBLAN can emit light at 2.3 um (*Hs —3Hs) in the mid-infrared [18], at 800 nm
(!G4 —3Hs) in the near-infrared [19], and at 480 nm in the visible (1G4 —2He) [20]. Among these
emissions from Tm3*-ZBLAN, as discussed above blue light is of great interest. Because of many

different advantages of fiber lasers as mentioned above, several research groups have studied blue

20



Tm3*-ZBLAN fiber lasers in 1990s. The blue upconversion emission in Tm3*-ZBLAN was first
reported by Allain et al. in 1990 [21]. They showed upconversion fiber laser, lasing at 450 nm and
480 nm at the temperature of 77 K. Two years later, Grubb et al. demonstrated an upconversion
blue laser with Tm3*-ZBLAN fiber at room temperature for the first time [22]. 2 m 1000 ppm
Tm3*-ZBLAN fiber with output coupler reflectivity of 90% was used and an output power of 57
mW at 480 nm was achieved by using a Nd3*:YAG pump at 1120 nm. They observed a 46 mW
threshold pump power, slope efficiency of 18% against coupled pump power and slope efficiency
of 32% with respect to the absorbed pump power. They also observed the lasing wavelength varies
between 478 nm to 481 nm depending on the output coupling. In 1995, Sanders et al. were able to
increase the output power of Tm3*-ZBLAN fiber laser to 106 mW with 890 mW incident pump
power, using two tunable laser diodes at the pump wavelength of 1130 nm with 2.5 m 1000 ppm
Tm3*-ZBLAN fiber and output mirror with 80% reflectivity at the lasing wavelength [23]. In 1997,
another group in Germany tried to increase the efficiency and power level of Tm3*-ZBLAN fiber
laser by co-doping with Yb3*. The doping level of Tm3*and Yb3*were 1500 ppm and 5000 ppm
respectively. The pump wavelength was chosen to be 1064 nm to excite Yb3* then utilize energy
transfer phenomena between Yhb3+and Tm3* [24]. They used 1064 nm Nd3*:Y AG laser as the pump
source, due to its power scalability compare to the available laser diodes, and higher absorption at
1064 nm compare to 1122 nm Nd3*:YAG laser for Yb3*. But the achieved maximum power was
100 mW with about 6.6% slope efficiency. The output coupler transmission at 482 nm was 30%
and it was highly reflective for the pump wavelength. At the same year, Paschotta et al. were able
to achieve 230 mW at 481 nm with 1600 mW incident pump power, pumping by Nd3*:YAG laser
operating at 1123 nm, using 2.2 m 1000 ppm Tm3*-ZBLAN fiber with 50% reflectivity of output

coupler at 481 nm and high transmission for pump wavelength[25].
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All of the previous experiments used mirrors to define the feedback cavity which requires a
significant redesign to improve the mechanical stability and transition from a lab environment.
They also used multimode gain fibers for blue laser with the cutoff wavelength of more than 800
nm. So, a robust and mechanically more reliable blue coherent light source with a high beam
quality is highly needed. Inaddition to a single spatial mode, single longitudinal mode blue lasers
are in great demand for optical metrology, interferometry, high-order harmonic generation,
quantum cryptography, high resolution spectroscopy, and under-sea communication. In this
research we report the first demonstration of an all-fiber blue laser amplifier with single frequency

and single transverse mode output.

1.2 Spectroscopy of thulium doped ZBLAN for blue emission

Spectroscopy studies how matter interacts with electromagnetic waves. The origin of
spectroscopy goes to many years ago when visible light was dispersed by a prism. These days,
spectroscopy became a fundamental tool to investigate physical and electronic structure of matter
at atomic scale. So, the spectroscopy of rare earth ions has become the backbone of different
fields from material design to astronomy. The difference in performances of photonic devices
such as slope efficiency of a laser, two photon absorption, refractive index, gain of amplifier,
lasing wavelength, saturation intensity, pump wavelength is rooted in the spectroscopic

properties of the materials.

Since the first demonstration ruby crystal laser emission[26], many different ceramics, crystals,
and glasses have been fabricated as the hosts for rare-earth ions to generate coherent emissions
at different wavelengths. Whereas crystals have a very narrow bandwidth laser transition, glasses

have broad laser transitions. Broad laser transitions are quite vital for wavelength tuning and
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ultrashort pulses generation. The other advantage of glasses compared to the crystals is a high
wavelength tolerance for the pump sources. Most importantly, single-mode optical fibers, as the
most flexible and compact gain media for high-efficiency and excellent beam-quality laser
generation, are mostly drawn from glasses. There is different type of glasses that can be drawn
into fiber to be utilized as a gain medium or just a waveguide from ultraviolet (UV) to mid-
infrared. Silicate, phosphate, fluoride, and chalcogenide are the most common glasses for fiber

optics applications.

Silica fiber which is made from silicate glass has been massively used for optical fiber
communication. These fibers are hosts for rare-earth ions with usually low loss, high tenability,
and strong strength. The high solubility of rare earth ions in phosphate glass enables this glass to
be drawn for high gain fibers. Watt level single longitudinal mode output can be delivered with
high-gain per unit fiber length (~5 dB/cm) and short length that can support single longitudinal
mode[27]. chalcogenide glasses have low phonon energy and good mid-infrared transparency.
So, they are good candidates for applications in mid-infrared regions where silicate and
phosphate fibers are very lossy compared to chalcogenide fibers. Chalcogenide fibers are usually
used for nonlinear optics application due to their high nonlinearity[28,29]. The available rare
earth doping levels in chalcogenide glasses are low (~0.1 mol%) which leads to relatively low
efficiency and output power for laser application[30,31]. Fluoride glasses are very good
candidates for fiber lasers in visible and mid-infrared regions where again silicate and phosphate
fibers are not able to operate as efficient as fluoride fibers. fluoride fibers have higher doping
levels and lower background loss compare to chalcogenide fibers. They also have higher stability
and strength. In terms of power scalability, fluoride fiber lasers with more than tens of watt level

output power have been reported[32,33]. Fig. 1.1 shows the transmission spectra of SiOz,
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ZBLAN, and three different chalcogenide glasses[34]. The transmission window of ZBLAN is

almost twice of silica glasses and for chalcogenide is beyond 10 pm.
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Fig. 1.1: Infrared transmission spectra for SiO2, ZBLAN, and three different chalcogenide
glasses[34].

In this section we will discuss and investigate the ZBLAN glass properties and spectroscopic

properties of thulium doped glass with a focus on thulium doped ZBLAN glass.

1.2.1 ZBLAN glass

Fluoride glasses are non-oxide optical glasses composed of fluorides of various metals such as
ZrF4, HfF4, InF3, PbF2, BaFz, LaFs, AlF3, NaF. In 1975 the first report of fluoride glasses was
published by Poulain et al.[35]. ZrFs-BaF2-NaF was the glass system observed and NdFz was
doped to the glass matrix to obtain the mixture of ZrFs-BaF2-NaF-NdF3. ZBLAN glasses with
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the molar composition of 53% ZrF4, 20% BaF2,4% LaF3,3% AlFs, and 20% NaF is one of the
most stable glass for optical fiber applications. It should be note that the ratio of composition
might be changed due to the needed properties for the glass. The first group reported a stable
ZBLAN glass was in 1981[36]. More component in fluoride glass makes the glass more stable.
Table 1.1 shows the transition temperature of different fluoride glasses along with the difference
between crystallization temperature and transition temperature[37]. ZBLAN and ZBLAL are the

most stable glasses among fluorozirconate glasses with more components and bigger Tx-Tg.

Table 1.1: Fluorozirconate compositions[37]

Composition Acronym T (C) TT, (C)
ZrF,-BaF, /B 295 32
ZrF,;-BaF,-LaF; ZBL 399 46
ZrF,-BaF,-AlF; ZBA 311 45
ZrF,-BaF,-AlF;-NaF ZBAN 260 65
ZrF,-BaF,-LaFs-AlF; ZBLA 302 57
ZrF,-BaF,-LaF;-AlF;-LiF ZBLAL 250 107
ZrF,-BaF,-LaF;-AlFs-NaF ZBLAN 265 93

ZBLAN glasses can be prepared by three process, ammonium bi-fluoride, anhydrous fluoride and
the sol gel[38]. Ammonium bi-fluoride process uses oxide and fluoride as the starting materials
along with ammonium bi-fluoride which plays the role of fluorinating agent in platinum, gold or
glassy carbon crucibles. During the fluorinating step oxides are converted to fluoride. Oxides are
converted to fluoride during the fluorinating step. After this step the fluorides are melted, refined

and casted. For casting, the metallic mold needs to be preheated at a temperature slightly below
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the glass transition temperature. The molten glass is poured in metallic mold pre-heated at a
temperature close but bellow glass transition temperature. For ZBLAN glass melting, the furnace
needs to be placed in a glovebox where both moisture and oxygen concentrations are very low.

The thermal cycle forammonium bi-fluoride process is shown in Fig. 1.2[38].

Melting
800 to 1000 C

NH,FHF excess elimination
400to 500 C

Fluorination
25010400 C

Fig. 1.2: thermal cycle for ammonium bi-fluoride process[38].

In anhydrous fluoride, all the starting materials must be highly pure fluoride. Highly pure
fluorides are weighed according glass compositions and mixed uniformly then heated at
temperature ranging from 250 to 400 °C for 1 to 2 hours. Next step is to increase the temperature
to the melting point ranging from 800 to 1000 °C for 1 to 2 hours. Again, like pervious process
the mixing and melting process need to be done in controlled atmosphere in a glove box with the

lowest concentration of H20. Since, sol gel method is a difficult process and requires more

26



complicated and expensive fluorinating setup, is not very common for fabricating ZBLAN glass.

More information about this process can be found in a work done by M. Saad [38].

ZBLAN glass has weaker bonding compared to silica glass which is due to electronic structure
of fluoride ion. The fluorine atomic structure is shown in Fig. 1.3. Fluorine has a very strong
tendency to attract an electron with electronegativity of 3.98. With pairing one electron fluorine
can complete its p shell. Consequently, bonding energy of fluoride is not as strong as SiO2, which
causes longer infrared absorption edge. On the other hand the stability and hardness of ZBLAN

is not as good as silica[17].

©-©

Fluorine atom Fluoride ion

Fig. 1.3: Electronic structure of fluorine atom and fluoride ion.

The thermal conductivity and thermal diffusivity of silica glasses are significantly larger than
ZBLANI[37]. Small thermal diffusivity leads to small cooling rate which is in the case ZBLAN.
ZBLAN has lower cooling rate compared to silica[39]. Slow cooling rate usually leaves more
time for atomic rearrangement which can introduce some crystallites into the sample. Although,
the cooling rate of ZBLAN is slow, homogenous nucleation rate is very low[37]. X. Zhu et al.

compared the basic properties of ZBLAN and silica[17]
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Table 1.2: Comparison of basic properties between silica and ZBLAN glasses[17].

Glass Property Silica ZBLAN
Transmission range (um) 0.16-4 0.22-8
Maximum phonon energy(cm™) 1100 600
Transition temperature (C) 1175 260
Specificheat (J/(g.K)) 0.179 0.151
Thermal conductivity (W/(m.K)) 1.38 0.628
Expansion coefficient (10°/K) 0.55 17.2
Density (g/cm3) 2.20 4.33
Knoop hardness (kg/mm?) 600 225
Fracture toughness (MPam?'/2) 0.72 0.32
Poisson’s ratio 0.17 0.17
Young’s modulus (Gpa) 70 58.3
Shear’s modulus (Gpa) 31.2 20.5
Bulk’s modulus (Gpa) 36.7 47.7
Refractive index (@ 589 nm) 1.458 1.499
Abbe number 68 76
Zero material dispersion wavelength (um) 1.3 1.6
Nonlinearindex (102 esu) 1 0.85
Thermo optics coefficient (10¢/K) 11.9 -14.75

In fiber optics, especially optical fiber communication, background loss is a big concern for long
optical fibers. So the optical glasses should have a low background loss. Background loss is
usually result of intrinsic scattering, multiphonon absorption, electronic transition, and impurities.
The dominant intrinsic scattering is Rayleigh scattering, but Raman and Brillion scattering are
also important. For short wavelengths, electronic transition and Rayleigh scattering have the main
impact in attenuation of light propagation, while in long wavelength multiphonon absorption

plays the main role. Impurities can increase the optical loss in short and long wavelengths,
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depending on the type of impurity. In order to shift the infrared edge to longer wavelength which
multiphonon absorption is the main effect, using materials with lower bonding energy and higher

reduced mass is effective. And since ZBLAN has low boning energy as discussed above and it is

a Heavy metal fluoride glass, it can shift the infrared edge and have lower attenuation in mid-IR.
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Fig. 1.4: Intrinsic loss for a range of materials[37]

The minimum intrinsic loss of different materials including silica and ZBLAN is shown in Fig.
1.4[37]. The minimum loss for SiO2 was calculated to be 0.14 dB/km around 1.6 pm and for
ZBLAN glass was 0.02 dB/km around 2.5 um[37]. Although the theoretical loss for ZBLAN
glass is significantly less than 1 dB/km, the minimum demonstrated loss is around 1 dB/km in
30 m fiber length with 20 um core diameter and 120 um cladding diameter as shown in Fig.
1.5[40]. The commercial loss for silica fiber is around 0.2 dB/km around 1.5 pm, and the

available ZBLAN fibers suffer from transmission loss of more than 10 dB/km. The reason that
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loss is high at ZBLAN fibers is dueto the extrinsic scattering. Controlling purity in ZBLAN glass
fabrication is very hard, which causes extrinsic scattering. These impurities are usually transition

metals such as Fe, Cu, Ni,; rare earths such as Nd, Th, Er; OH, H20; and other species like CO,

COo.
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Fig. 1.5: Transmission loss spectrum of a ZBLAN fiber[40].

The refractive index of ZBLAN glass is in the range of 1.47-1.54 at the sodium D wavelength,
which is in the same range as silica glasses[37]. In order to increase the refractive index of
ZBLAN glass, heavy polarizable fluoride such as, PbF2, BiFs can be used, and NaF, AlFs can
reduce the refractive index of the ZBLAN glass. Fig. 1.6 shows the refractive index of different

ZBLAN glasses versus wavelength[37].
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Fig. 1.6: Refractive index vs wavelength of ZBLAN glasses[37].

The material dispersion of different fluoride glass is illustrated in Fig. 1.7[41]. The zero

dispersion wavelength of ZBLAN glass is around 1700 nm which is higher than silica glasses

with zero dispersion wavelength of 1300 nm.
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Fig. 1.7: Materials dispersion of different fluoride glasses[41].

The minimum dispersion wavelength of different materials are listed in Table 1.3. It should be

noted that to find the real zero dispersion wavelength in fiber the waveguide dispersion

wavelength needs to be taken into the account.

Table 1.3: Minimum dispersion wavelength of different materials.

Material
SiO,
GeO,
BeF,
Zr,BaF,,
ZnCl,

GeS,

32

Ao (nm)
1270
1690
1030
1630
3260

4100



Raman spectroscopy of pure ZBLAN sample is shown Fig. 1.8[42]. The sample is heated from
room temperature to 357 °C. As it can be seen the maximum phonon energy is about 600 cm.

As the temperature increases some signature of crystallization starts to appear.

Raman intensity (a.u.)

|
Il].tJJ.J.J_I_I_I_I_I.I_LJJtJJ.llllllrll]ll|.III|

100 200 300 400 500 600 700

Wavenumber / cm’!

Fig. 1.8: Raman spectroscopy of ZBLAN sample at different temperature[42].

Due to long transmission window and low phonon energy, ZBLAN fiber can host different rare
earth elements to with emission from UV to 3.9 um[43,44]. Table 1.4 is summarized the possible

emission lasing wavelength and pump wavelength for different rare earth doped ZBLAN fiber.
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Table 1.4: Summary of laser wavelength and pump wavelength of rare earth doped ZBLAN

fiber laser.
Rare earth Laser Pump Rare earth Laser Pump
wavelength wavelength wavelength wavelength
(nm) (nm) (nm) (um)
Er 1.55 980 Er 402 638
1.7 791 470 638
2.7 975 544 970
3.45 640
Tm 1.48 1064 Tm 248 1064
1.94 792 455 645+1064
2.3 790 481 1123
Ho 2 806 784 1120
2.86 1100 808 1120
3.22 532
3.9 885 Pr/Yb 491 840
Dy 2.9 1100 520 860
Pr 1.3 1064 605 840
Yb 1 911 615 860
Nd 1.05 514 635 850+823
1.34 800 Ho 550 645
Nd 381 590

412 590
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1.2.2 Blue emission of thulium doped ZBLAN

Thulium with the symbol Tm is a chemical element in lanthanides group. Its atomic number is
69 and it the second least abundant element among lanthanides. Like other lanthanides the most

common oxidation state is +3. Tm metal is paramagnetic above 60 K, antiferromagnetic between

60 K to 22 K, and ferromagnetic below 22 K[45].

Tm3* is an attractive and versatile rare earth ion which can act as an optical activator. It can emit

light in UV, blue, and IR.

The partial energy diagram of Tm3* is shown in Fig. 1.9. Tian et al. observed emission at 293,
351, 366 nm using 485 nm argon laser as the pump laser[46]. These emissions are corresponded
to e —3Hs, 116 —3F4, and D2 —3Hs respectively. They also observed enhanced UV at 293 nm
and 351 nm when two pump wavelengths of 458 nm and 585 nm were used simultaneously. In
order to excite the ion to *ls, two upconversions by 458 nm wavelength are required. The reason
that having simultaneously two pump wavelengths of 458 nm and 585 nm can have an enhanced
emission, is because when ion is excited to 1G4 by 458 nm, then 585 nm can directly excite the

ion from 1Gato .
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Fig. 1.9: Tm3* partial energy diagram
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Yang et al. studied the upconversion spectroscopy of Tm3* ZBLAN in UV region[47]. They
pumped a 2 mol% Tm3* ZBLAN from 455 nm to 475 nm. They observed three emission at 292
nm, 350 nm, and 363 nm corresponding to le —3Hs, 1le¢ —3F4, and D2 —3Hs transition
respectively. Since they were able totune their pump wavelength, they found the most efficient
pump wavelength to be at 464 nm for both emission at 350 nm and 363 nm as shown in Fig.

1.10[47].

Excitation spectra for 363 nm
\ Excitation spectra for 350 nm
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Fig. 1.10: Excitation spectra for 350 nm and 363 nm. The 1G4 absorption spectra is also
shown[47].

They also examined the fluorescence of 292 nm, 350 nm, and 363 nm as a function of pump
power as shown in Fig. 1.11[47]. The slope of all three emissions as a function of pump power

is around 2 which shows that the emission from *ls and D2 were induced by two photon process.

36



2.01
® 363 nm

) ® 350 nm
1097  a292nm 2.06

1.97

Fluorescence Intensity (a.u.)

101 .

1 2 3
Laser Power (mJ)

Fig. 1.11: The intensity dependence of 292, 350, 363 nm fluorescence[47].

There are two processes, excited state absorption (ESA) and energy transfer upconversion (ETU),
that can generate upconversion. Different factors such as doping concentration, excitation
wavelength, host materials, etc. can have influence on the efficiency of ESA and ETU. In order to
distinguish between ESA and ETU the decay curve of the excited state can be studied. The decay
curve of ESA has similar behavior as direct excitation decay curve, while if the ETU is involved,
a short rise time can be seen in the decay curved followed by decaying. The decay lifetime of ETU
is usually longer than direct excitation. Yang et al. found that the excitation of !lgis dueto ESA
upconversion, while the excitation of D2 can be defined by ETU upconversion[47]. In general,
UV emission around 360-350 nm can be obtained by two photon process or three photon process.
The ion can be excited to 1G4 from ground state by 465 nm pump wavelength then it can drop to
3F4 and then get excited to 1Dz which can emit 365 nm in UV region. Or by pumping the glass by
pump wavelength of 645 nm the ion can get excited to 3F2 3 then it goes under a nonradiated decay

to 3Ha, and then it absorbs another 645 nm photon to go to 1D2. With three photon absorption the
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ground state can be excited to 1l which can emit deep UV around 290 nm. It also can emit 350

nm to 3F4, or 450 nm to 3F2 3.

In 2008 EI-Agmy demonstrated an upconversion laser at 284 nm using Tm3* ZBLAN fiber[44].
The highest laser output power was 42 uW at 284 nm using Nd:Y AG laser operating at 1064 nm.
The slope efficiency was about 9%. In this work about 9 m 1 mol% double clad Tm3* ZBLAN
fiber was used. The output coupler had 96% reflection at the lasing wavelength. The ground state
was excited to 3Hs, then with nonradiative decay it drops to 3F4. Then with excited state absorption
it goes to the energy level of 3F2 and as the consequence of nonradiated decay it decays to 3Ha.
With absorbing another 1064 nm pump photon it gets excited to 1Ga4. Although the author believed
the 1G4 to e is due to the cross relaxation, it is clearly due to the cooperative up conversion as

shown in Fig. 1.12. The red arrows are the cooperative up conversion.
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Fig. 1.12: Partial energy diagram of Tm3* showing the cooperative up conversion (red lines).
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In order to measure the ground state absorption cross section, Cary 5000 was used to measure
the transmission of the Tm3* ZBLAN glass. The absorption coefficient can be calculated from
transmission, length of the glass, and refractive index (Which is not very significant here). By
knowing the absorption coefficient, length of the glass, and ion concentration ground state
absorption cross section can be found. Fig. 1.13 shows the ground state absorption cross section
of Tm3* ZBLAN glass. The absorption around 350 nm is corresponded to D2, and the one around
480 belongs to 1G4 energy level. 650 nm light can excite the ground state to 3F2 and 3F3 states.

The peak absorption wavelength for 3Hs was measured to be at 791 nm, and for 3Hs at 1210 nm.
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Fig. 1.13: Absorption cross section of Tm3* ZBLAN glass.

The emission spectrum of Tm3* ZBLAN glass can be measured by the setup shown in Fig. 1.14.
To prepare the glass sample, three sides of the glass sample were polished to make sure the light

scattering is minimized. Then the glass was mounted and pumped by a laser. The beam should
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aim the sample close to the edge of the sample. The emission light from Tm3* ZBLAN glass was
collected by a lens then the collimated light traveled through a chopper which modulate the light
and then the second lens focused the light into the monochromator. The detector can detect the
light and send a signal to the lock in amplifier which was synchronized by the same frequency
as chopper was working. Chopper driver must be connected to the lock in amplifier to make sure
that just modulated light is going to be detected. The spectrum is displayed on the monitor of the

computer.

Laser source

l Lens
Monochromator Detector
Tm ZBLAN

Lock in amplifier

driver

Computer

Fig. 1.14: Bulk Tm3* ZBLAN glass emission setup.

The fluorescence of Tm3* ZBLAN glass from 1Ga energy level was measured as shown in Fig.
1.15. The emissions at 480 nm and 650 nm corresponds to the transitions from state 1G4 to ®He

and 3F4, respectively. The emission peak near 800 nm, however, is the combination of two
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transitions: 1G4 — 3Hs and 3Hs — 3He. Both transitions influence the operation of the 480 nm

amplifier.
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Fig. 1.15: Measured fluorescence of Tm3* ZBLAN glass from 1G4 energy level.

The branching ratio of different optical transitions of Tm3* ZBLAN glass was calculated in the
frame work of Judd—Ofelt theory by Doualan et al.[48]. Branching ratio is the probability of a

radiative transition from a fixed excited state. As it can be seen the branching ratio of three

transitions 1G4 —3He, 1G4—3F4, and 1G4 —3Hs are 0.378, 0.077, and 0.384, respectively.

The radiative lifetime of different excited state of Tm3* ZBLAN with different thulium
concentrations have been measured by different groups[48,49]. The life time of !l state of 2

mol% Tm3* ZBLAN was measured to be 84.2 us, D2 life time was obtained to be 140 ps, and

for 1G4 295 ps[47].
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Table 1.5: The branching ratio of different optical transitions of Tm3* ZBLAN glass.

Optical transition A(um) B

3F4 _ 3Hs 1.724 1

3Hs _ S%Hs 0.787 0.88
3H, _ 3Fy 1.45 0.095
3Hs _ 3Hs 2.3 0.025
1G4 _ 3Hs 0.463 0.378
1G4 _ 34 0.633 0.077
1G4 _ BHs 0.756 0.384
1Gs _ 3H4 1.125 0.116
1Gs _ 3F23 1.4 0.044

Another group found the life time of lg, 1D2, 1G4 at 2.5 mol% to be 48 ps ,23 us, and 54 ps
respectively[50]. They also found as concentration is decreased the lifetime significantly
increases. For instance, for 0.15 mol% the life time of s, 1D2, 1G4 were found to be 80 s, 55 ps,
and 630 ps respectively. This indicates that energy transfer process is very important in Tm3*
ZBLAN. The lifetime of 3F4, and 3H4 levels play a crucial role when the 1Galevel is going to be
populated by three photon absorption. Doualan et al. calculated the lifetime of 3F4, and 3Ha to be
8.49 ms, and 1.396 ms respectively[48]. They used 3 at.% Tm3* ZBLAN for this experiment.
The lifetime of 1G4 was also predicated to be 0.764 ms. The measured lifetime of 3F4 found to be
7.93 ms in a good agreement with the calculated one. But for 3Hs the measured lifetime (45 ps)

was much below the predicted lifetime. The decay curve was not able to be fitted by a single
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exponential decay curve and multiple fitting terms needed to be used. The result suggests that the

presence of cross relaxation for 3Has is strong.

Walsh et al. used Judd—Ofelt theory to calculate the line strengths, radiative transition
probabilities, and branching ratio of different states in Tm3* ZBLAN[49]. Then they deduced the
lifetime of lg, D2, 1Ga, 3F2, 3Has, 3Hs, and 3F4 from the summation of radiative transition
probabilities to be 0.11, 0.073, 0.908, 1.234,1.519, 6.863, 11.223 ms respectively. Fig. 1.16 shows
the lifetime of each state of Tm3* ZBLAN and Tm?3* silica versus the energy level of the sate
respect to the ground state. In most cases as the energy level decreases the lifetime increases. But
the lifetime of tls is longer than 1D2. As it can be seen the lifetime of thulium ion in ZBLAN glass
is significantly longer than that of silica glass. For example, 1G4 lifetime in ZBLAN glass is 0.908

ms and in silica is 0.428 ms. The lifetime of F4in ZBLAN glass is about four times longer than

in silica.
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Fig. 1.16: Lifetimes of different states of Tm3* in ZBLAN and silica glasses.
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Comparing the lifetime of energy levels of thulium doped silica and ZBLAN clearly shows that
ZBLAN is much better glass matrix for upconversion process. Table 1.6 shows the difference in
lifetimes of 3F4, and 3Hs manifolds for thulium doped silica and Tm3* ZBLAN measured by
Walsh et al.[49]. For example, for 3F4 the lifetimes in ZBLAN is longer than silica with two

orders of the magnitude.

Table 1.6: Measured lifetimes of 3F4, and 3Hs manifolds for thulium doped silica and

ZBLAN[49].
Material Wt. % Tm density (*10%°cm3) 3F, t(ms) 3H,t (ms)
Tm: silica 1.44 4.12 0.42 0.02
Tm: ZBLAN 0.32 0.36 11.2 1.51
Tm: ZBLAN 2.88 3.23 13.7 0.33

The life time measured for 3F4 with 0.32 wt.% Tm3* ZBLAN is 11.2 ms which is in a good
agreement with the one predicted by Judd—Ofelt theory as shown in Fig. 1.16. The reason that
2.88 wt.% Tm3* ZBLAN has longer lifetime at 3F4compared to 0.32 wt.% Tm3* ZBLAN, isdue
to radiative trapping. Having longer lifetime for Tm 3Fsand Ho °l7 as the concentration
increases which is known due to radiative trapping. The lifetime of Tm 3F4 in silica calculated
by Judd-Ofelt theory was much longer the measured one. It can be due to nonradiative quenching

. Nonradiative quenching can be affected by high phonon energy as it is for silica glass which is

about 1100 cm1.
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1.3 Single frequency blue laser fiber amplifier

The energy level diagram of Tm3* related to blue emission is shown in Fig. 1.17. Blue laser

emission at 480 nm band can be obtained by directly exciting the ground state 3He to 1G4 by 465

nm pumping.
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Fig. 1.17: Partial energy diagram of Tm3* related to the blue light emission.

Since there is no available high power single-mode laser source at 465 nm, it is not an effective
pump source. The power spectra of amplified stimulated emission of Tm3* ZBLAN fiber
pumped by 465 nm laser source is shown in Fig. 1.18. Different pump power was used to show
the differencein the spectrum. The length of fiber was about 6.5 m and the thulium concentration
was 0.1 mol%. As it is mentioned above the pump power wasn’t high and also since the setup
was a free space setup, there was some loss during the coupling of the pump light into the fiber.

As it can be seen the emission around 650 nm is high compared to 480 nm and 784 nm. This is
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due to the fact that 784 emission gets absorbed by 3H4 level as shown in Fig. 1.13. The ground
state absorption for 784 nm is significantly higher than 650 nm emission. Emission with 40 mW

pump power is significantly stronger than the emission with 21 mW pump power. However, that

much difference was not observed as the pump power increased to 61 mW and thento 72 mW.
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Fig. 1.18: Power spectra of amplified stimulated emission of Tm3* ZBLAN fiber pumped by
465 nm laser diode at different pump power.

Since the 465 nm laser diode output was limited to about hundred mW, another option which is
upconversion pumping near IR. Due to the long lifetimes of some metastable energy levels
between 3Hs to 1G4, ions can be excited to the upper laser level 1G4 by absorbing three pump
photons. Different wavelengths of upconversion pumping from 1064 nm to 1210 nm have been

reported, capable of exciting ground state *He to 1G4 [17]. Although the peak absorption cross
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section from ground level to 3Hs ((Hs—3Hs) is around 1200 nm, 1125 nm was used to populate

the 1G4 level because the three absorption transitions 3Hs—3Hs, 3F4—3F3, and 3H4—1Ga4have a

better effective absorption at this wavelength [51].

In order to build a robust high power fiber laser at 1125 nm, ytterbium (Yb) doped silica fiber
was used to build the laser. The absorption and emission spectrum of Yb: Silica is shown in Fig.
1.19 [52]. The peak absorption in Yb: Silica is around 980 nm but the emission at 1125 nm is not
strong. Although the emission at 1125 nm is not strong, there is no absorption at this wavelength

either.
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Fig. 1.19: Absorption and emission cross section of Yb: Silica[52].

The partial energy diagram of Yb is shown in Fig. 1.20. With in band pumping between 3F7 to
3Fs/» the excited state can emit at 1125 nm to ground state. The laser dynamic of Yb at this

wavelength operates like a two level system.
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Fig. 1.20: Partial energy diagram of Yb related to lasing at 1125 nm.

The schematic setup of 1125 nm fiber laser is shown in Fig. 1.21. Two pump diodes operating
at 980 nm were used as the pump source then a combiner was used to combine the pump lights
and pump the gain fiber. High reflective fiber grating (HR FBG) with high reflection at 1125 nm
and partially reflective fiber grating (PR FBG) were used to build the cavity. The gain fiber and
common port of the combiner were double clad while the signal port of the combiner was HI11060
fiber. Both FBGs were written on H11060 fiber so, the residual pump must be dumped before

HR FBG.

980 nm pump diode

¥h gain fiber

PR FBG @ HR FBG
il | IMII

980 nm pump diode

Fig. 1.21: The schematic setup of all fiber laser operating at 1125 nm.
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The laser power versus the two 980 diodes pump power was measured by a Newport power
detector. The output power with respect to the lunched pump is shown in Fig. 1.22. The

maximum laser power of 9.4 W was obtained with 33 pump power. The slope efficiency was

about 28% and the threshold pump power was about 0.9 W.
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Fig. 1.22: Output laser with respect to lunched pump power.

The optical spectrum of the all fiber laser operating at 1125 nm was measured by an optical

spectrum analyzer as shown in Fig. 1.23. The laser was very stable.
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Fig. 1.23: The optical spectrum of fiber laser operating at 1125 nm.

The seed signal in this experiment was a single frequency laser diode fiber coupled which was
provided by Toptica. A GaN diode laser was used with broad linewidth and then a Littrow
external cavity was utilized to select a single frequency laser output with narrow linewidth. The
schematic setup of external cavity laser diode with Littrow configuration fiber coupled is shown
in Fig. 1.24. The GaN diode is the laser diode which emits the blue light then an aspheric lens is
used to collimate the light. The collimated light hits the blazed grating in which the first order
diffraction coupled back directly to the diode and zeroth order is the laser output. A mirror was
used to redirect the collimated beam which passes through an isolator. An Isolator was used to

prevent light coming back from fiber to the cavity and causes fluctuation. Finally, the blue light

was coupled to a PM460 HP fiber.
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Fig. 1.24: The schematic setup of external cavity laser diode Littrow configuration fiber
coupled.

The wavelength of the output light dependson the angel of incident beam with respect to the
grating. By changing the angel, the output wavelength can be tuned. In order to meet Littrow
configuration requirement for lasing at a single frequency the angel of incident beam with respect
to the grating and the angel of first order diffraction which directs back to the diode must be same

as the blaze angel.

Fig. 1.25 shows the output spectrum of GaN laser diode without Littrow configuration (blue)

and with Littrow configuration (red). As it can be seen from the diagram the peak of the spectrum

is shifted in Littrow configuration.
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Fig. 1.25: The output spectrum of GaN laser diode (blue), and external cavity Littrow
configuration (red).
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The optical spectrum of external cavity Littrow configuration which was built by Toptica at
different applied currents is shown in Fig. 1.26. The output increases by increasing current from
90 mA to 93.1 mA, but after that it significantly decreases as it can be seen at 1= 94.1 mA. This
decrease is mainly due to the thermal issue of semiconductor laser. The wavelength can be tuned

finely with changing the applied current.

Power (dBm)

Wavelength (nm)

Fig. 1.26: Optical spectra of the Toptica laser at different applied currents.

In this experiment, we built a single frequency blue laser fiber amplifier pumped by 1125 nm
Yhb: Silica. There are three radiative transitions from energy level 1Gato lower energy levels with
strong emission at 480nm, 650nm and 800nm as shown in Fig. 1.15. The branching ratios of the
three transitions are 0.378, 0.077, and 0.384, respectively. The branching ratios of the 480 nm

emission and the 800 nm emission are very close to each other.
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It should be noted that !G4 — 3Hs and 3Ha — 3He transitions can have influence on the laser
amplifier operating at 480 nm. With increasing pump power, the population of the ground state
decreases which can lead to higher population inversion for 1G4 — 3He (480 nm band), and 3Ha
— 3He (800 nm band). But since, populating 3Ha is easier than populating 1G4 due to the number
of photon absorption, then 3Hs — 3Hs emission can have a negative impact on the laser
performance at 480 nm. It should be also mentioned that, due to emptiness of 2Hs energy level as
shown in the inset of Fig. 1.9Error! Reference source not found., population inversion for the

785 nm transition is achieved much easier compare to 480 nm emission which again can

negatively affect the laser operation at 480 nm.

In order to obtain single transverse mode output, a Tm3*-doped ZBLAN fiber with a core
diameter of 4 um and a numerical aperture of 0.07, corresponding to V-number and cutoff
wavelength of 2.095 and 365 nm respectively, was designed and fabricated. The microscope

image of the end facet of the fiber is shown in Fig. 1.27 (a).
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Fig. 1.27: (a) Microscope image of an end face and (b) 2D refractive index profile of the
single-mode Tm3+-doped ZBLAN fiber.
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Fig. 1.27 (b) shows the 2D diagram of refractive index profile of the fiber measured with an
interferometric fiber analyzer (Interfiber Analysis, IFA-100). This fiber has a 12-um inner
cladding doped with 100 ppm neodymium (Nd3*) which intentionally suppresses 800 nm
emission due to Nd3*absorption in this wavelength region. The outer cladding of this fiber is 125
pm compatible with standard silica fiber enabling easy fusion splicing and the construction of
all-fiber amplifiers. The fiber core is doped with 1000 ppm Tm?3* and the absorption of this fiber

of 1125 nm light launched into the fiber core was measured by a cutback experiment to be about

1.56 dB/m as shown in Fig. 1.28.
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Fig. 1.28: Cutback experiment, using 10 m Tm3* ZBLAN fiber.

The schematic of the all-fiber blue laser amplifier is shown in Fig. 1.29. A single frequency
external cavity GaN diode laser at 478 nm coupled to a polarization maintaining (PM) single-

mode silica fiber (PM 460HP) was used as the seed laser. An ytterbium (Yb3*) doped silica fiber
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laser operating at 1125 nm was used as the pump source. A PM wavelength division multiplexor
(WDM) made of PM 460HP (signal port) and PM980 fiber (pump and common port) was used
to combine the seed signal laser and the pump laser together. The signal coupling efficiency is
about 80% and the pump coupling efficiency is about 92%. The polarization extinction ratio
(PER) of the signal laser changes from an initial value of 25 dB to 18 dB after the PM WDM
indicating that most signal laser is coupled to the fundamental mode of the PM980 fiber although

this fiber has a cutoff wavelength of 705 nm and is multimode for the blue light.

Single-frequency 480/1125 nm Band-pass
Laser Oscillator PM WDM Filter
PM980 Fluoride Fiber

>

1125 nm Fiber Laser

Fig. 1.29: Experimental setup of the all-fiber blue laser amplifier. Inset: the picture of the
splice joint between the silica fiber and the fluoride fiber.

It should be noted that the common port fiber of the PM-WDM was fixed on the optical table to
reduce power fluctuations and decrease of the fundamental mode caused by small bending and
other environmental effects. 10-m of Tm3*-ZBLAN fiber was spliced to the common port PM980
fiber. The image of the splice joint between the PM980 silica fiber and the Tm3*-doped ZBLAN
fiber is shown in the inset of Fig. 1.29. The typical loss of the splice between a ZBLAN fiber
and a silica fiber is less than 0.3 dB. 10-m ZBLAN fiber was chosen based on the cutback

experiment because it produced the maximum output power. The outputend of the ZBLAN fiber
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was angle cleaved to reduce backward reflections. A band-pass filter at 480 nm was used to

remove the residual pump at 1125 nm.
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Fig. 1.30: Measured output power of the 478 nm fiber amplifier as a function of the launched
pump power. Upper left inset: Optical spectra of the input and output of the fiber amplifier.

Lower right inset: Single-frequency operation of the GaN diode laser confirmed with a
scanning Fabry-Perot Interferometer.

In the experiment, single-frequency operation of the GaN diode laser was confirmed by a
scanning Fabry-Perot interferometer (FPI) as shown in the lower right inset of Fig. 1.30. The
blue signal laser power after the PM-WDM was approximately 15 mW. The optical spectra of
the fiber amplifier with and without pump were measured with an optical spectrum analyzer
(Ando, AQ6351A) and is shown in the upper left inset of Fig. 1.30. The output power of the
fiber amplifier as a function of the pump power was measured by a power meter (Thorlabs,
PM100D) and is shown in Fig. 1.30. The pump threshold of the fiber amplifier is about 750 mWw.
The blue laser output increases with pump power and saturates when the pump power exceeds 2

W. A maximum output power of 155 mW, corresponding to a net gain of 10 dB was obtained.
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The slope efficiency of this fiber amplifier is about 13%, which is smaller than those of previous
experiments because of smaller overlaps of pump and signal lasers and the lower fiber NA when

compared to multimode fibers used in previous reports. The lower efficiency is the result of the

tradeoffs employed to achieve single transverse mode output beam using a low core NA fiber.

The beam quality of the fiber amplifier output was measured with a beam profiler (DataRay Inc.,
Beam Map2). The 2D beam profile is shown in Fig. 1.31(a). The cross-section of the beam
profile and its Gaussian fit are shown in Fig. 1.31(b). There are two small side peaks in the
measurement due to excited cladding modes. It should be noted that the beam profile was not
stable and the measured beam quality was about M? ~ 1.5 at low pump powers because of
interference between the cladding modes and the fundamental core mode supported by the long
coherence length of the single-frequency signal laser with a typical linewidth <1 MHz. The
beam quality improved with increasing pump power. A beam quality M? of 1.06 was measured
at the maximum output power. The PER of the output laser was measured to be approximately
11 dB even though the Tm3+-ZBLAN fiber is not designed to maintain the polarization of the

signal laser.
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Fig. 1.31: (a) 2D profile of the fiber amplifier output beam; (b) Cross-section of the output
beam profile and its Gaussian fit.
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As mentioned above, the 12-um inner cladding of the Tm3*-doped ZBLAN fiber was doped with
100 ppm Nd3*in order to suppress the competitive 800 nm laser. Nd3* has significant absorption
near 800 nm due to transitions from #le/2 to (?Ho2, *Fs12) asshown by the black curve in Fig. 1.32.
Absorption of 800 nm emission from Tm?3* occurs because of partial mode overlap between the
core mode field and the Nd3* doped cladding. However, the output power of this Tm3*-ZBLAN
fiber amplifier still saturated ata pump power of 2 W and decreased with further increasing pump
power due to the onset of the laser at 783 nm as shown in Fig. 1.32. When the pump power is 2
W, there is ASE at 800 nm and Tm3* long wavelength lasing is effectively suppressed by the
Nd?3* absorption in the inner cladding. When the pump power is 2.5 W, the 783 nm laser starts

and the 478 nm signal power decreases as shown by the blue curve.
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Fig. 1.32: Optical spectra of the fiber amplifier when the pump power is 2 W (red curve) and
2.5 W (blue curve), respectively. The black curve: Transmission of a 1-cm thick Tm3+-doped
ZBLAN glass.
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Further suppressing the 783 nm laser may be obtained with an optimized Nd3*doping level but
we should notice that Nd3* also has some absorption at 478 nm, which reduces the efficiency of
the fiber amplifier correspondingly. Proper fiber design that can produce high loss at 783 nm
while negligible loss at the wavelength of the blue laser could offer an attractive option of further

suppress the competitive lasing.

Any bend in an optical fiber can cause a loss as shown in Fig. 1.33. The loss due to bending
depends on the fiber parameters such as refractive index difference of core-cladding, the core
radius, and the wavelength of operation. For a single mode fiber, the bending loss is highly
dependent on the ratio of mode field diameter at the operating wavelength and core size of the
fiber. In order to reduce the effect of bending loss, a fiber with large numerical aperture (NA) can

be designed.

Fig. 1.33: Loss due to fiber bending.

The bending loss increases in longer wavelengths. Consequently, on method to remove long
wavelength emission in a fiber is to apply some bending loss. Fig. 1.34 shows the loss of

bended fiber spectrum at different bending diameter. A white light source was used to test the
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bending loss spectrum and the transmitted light was detected by an optical spectrum analyzer.
In order to calculate the loss, the light transmission without bending was measured as the input
power for each wavelength. For bending diameter of 75 mm the edge of loss is around 850 nm.
If the fiber is bended for 50 mm diameter then the edge of loss starts at about 800 nm and for 25
mm is about 750 nm. This result shows that bending can be an option to remove the longer

wavelength emission.
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Fig. 1.34: Loss of bended fiber for different bending diameter as a function of wavelength.

Fig. 1.35 (a) shows the experimental setup to study the effect of coiling on the output power of
blue fiber laser amplifier. In this setup still single frequency blue laser diode was used as the seed

laser and then it was pumped by 1125 nm fiber laser. The single frequency blue laser diode was
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coupled to a PM460 HP. Then the PM460 HP fiber was spliced to the signal port of a WDM
which was the same fiber. The signal fiber was PM460 HP and common port was PM780 HP,
and the port that was spliced to 1125 nm fiber laser was also PM780 HP. Tm3®* ZBLAN was
used as the gain fiber and then it was spliced to a PM460 HP which is single mode at 480 nm.
This experiment was done with no input pump and no coiling, pumping at 0.3 W with coiling

and without coiling.

Tm-doped ZBLAN

pm460 Hp PM WDM PM460 HP
PM780 HP

Coiled

1125 nm Fiber Laser

Fig. 1.35: (a) Experimental setup to study the effect of coiling;

The optical spectrum of signal output power is shown in Fig. 1.36. When there is no input pump
power and just signal is in the gain fiber, the output power is about -31 dBm. It should be noted
that the signal can be absorbed by gain fiber Tm3* ZBLAN and excite the ions to 1G4 energy
level. The emission around 650 nm and 800 nm is due to the absorption of the signal and then

remission. Two transitions of 1G4 — 3Hsand 3Hs — 3He have a broad bandwidth of 100 nm from

760 nm to 860 nm. But the tail of the emission goes beyond 900 nm. When the gain fiber is
pumped with 0.3 W the output signal increases to about -26 dBm but 650 nm and 800 nm

emission band are still strong. After coiling the PM460 HP fiber the emission beyond signal
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emission is completely removed, but the output signal power also significantly dropped. The
signal outputafter coiling is about -54 dBm. It should be noted that after pumping the broad peak
around 780 nm which was observed in no pumping is removed. The reason behind that is due to
fact that the signal power acts like an in band pumping and it excites the ions to 1G4 and then the
emission from 1G4 — 3Hs which is around 785 nm is stronger. But this emission can be trapped

by the ground state absorption and excites Tm3* to 3Hs which can emit light around 810 nm.
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Fig. 1.36: Optical spectrum of signal output when there is no pumping, 0.3 W pumping
without coiling, and 0.3 W pumping with coiling.

We also did another experiment and this experiment we coiled the input PM460 HP fiber too as

shown in Fig. 1.37 (a). An optical post was used to coil the fiber as shown in Fig. 1.37 (b). In
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this experiment the diameter of the coiling was about 1 inch and about 5 round the PM460 HP
fibers were wrapped around the post. The effectiveness of the coiling is better than the previous
experiment since the loss of blue light wasn’t very significant. The reason that both sides are
coiled is because to make sure if there is a reflected light back is not going to have effect on the

experiment.

Tm-doped ZBLAN

pMa60 Hp PM WDM @ PM460 HP
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Fig. 1.37: (a) Experimental setup to study the effect of coiling which input fiber and output
fiber are coiled; (b) optical post was used to coil the fiber.
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Fig. 1.38 illustrates the optical spectra of fiber laser amplifier when the pump power was 1.2 W
with bending and without bending, and also when the pump power was 1.5 W with bending and
without bending. Afterbending the emission around 800 nm is completely removed in both cases,

but emission at 650 nm emission is still there.
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Fig. 1.38: Optical spectra of fiber amplifiers with pump power at 1.2 W and 1.5 W with
bending and without bending..

This result indicates that designing a proper waveguide to remove 800 nm emission band can be
an effective method to increase the blue laser emission. The optical spectrum of fiber amplifier
at different pump power based on the schematic setup of Fig. 1.35 is shown in Fig. 1.39. Asthe
pump power increases the signal output increases too, but the emission of 800 nm band appears
at the pump power of 0.66 W. From the pump power of 0.96 W to 1.5 W, the signal emission
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increased by 2 dB, while the 800 nm emission band raised by 7.7 dB. Since the emission around
800 nm causes by 1G4 — 3Hs and ®Hs — 3Hsand the longer edge of the emission goes above 820
nm, it seems the contribution from 3Hs4 — 3Hg which has the dominant contribution in longer

edge of the emission is suppressed.
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Fig. 1.39: The optical spectrum of fiber amplifier at different pump power when the output
power is coiled.

Another obstacle to achieving long-term and stable high power single mode blue laser output is
the degradation of the Tm3*-doped ZBLAN fiber caused by the photodarkening effect.
Photodarkening describes a significant increase of background loss at visible wavelengths due to
the creation of color centers in the ZBLAN glass matrix of ZBLAN glass under illumination with

a strong blue laser [53,54]. The photodarkening effect in Tm3*-doped ZBLAN is particularly
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strong because Tm3* has a large range of energy levels including levels with energies higher than

1G4 that are capable of absorbing and emitting UV light.

In this experiment, a 15 m fiber was used before was cut to a 5 m fiber and 10 m fiber. The 5

meter fiber was cured and pumped as you can see in Fig. 1.40. The almost fresh fiber could reach

to a maximum of 103 mW.

1 20 | | L] L] L] L] L] L]
== 15t curing
== 2nd curing
100 B Almost fresh 7
80 | -

Output (mW)
S 0
o o

N

o
T

1

0 500 1000 1500 2000 2500 3000
Pump power (mW)

Fig. 1.40: Output optical power as a function of pump power for a fresh fiber, 1st curing, and
2nd curing test.

When the output power got saturated, the pump power was turned off and the fiber was under
curing by blue signal for about 200 minutes. The signal power increased from 1.1 mW to 1.4
mW. Then the blue signal was amplified, and the maximum obtained output power was about 78

mW. After pumping the fiber, the pump again was turned off and just blue signal was used to
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cure the fiber again. As it is shown in Fig. 1.41, the signal power increased from 0.4 mW to 1.5
mW after leaving the fiber under blue signal curing for about 25 hours. It indicates that signal
power increased by 5.7 dB. Then the gain fiber was pumped again, and the same maximum of
75 mW was obtained again. Which means it could obtain the same output power with the second

curing process as it was obtained by the first curing process.
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Fig. 1.41: The dynamic process of curing fiber by blue signal power as a function of time for
the second time.

In general, it was found that blue laser signal transmitted through the Tm3*-doped ZBLAN fiber
amplifier significantly decreased (from a few mW to tens of uW) after running at the maximum
output power and then leaving unpumped for one day. However, the photodarkened Tm?3*-doped
ZBLAN fiber can be photo-cured by launching the blue laser into the fiber core and pumping it
at a low pump power for a few hours as it was mentioned above. The maximum output power of

the photo-cured fiber amplifier could be 75% of the initial maximum output power. It was also
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found that photodarkening and photo-curing of the Tm3*-doped ZBLAN fiber were repeatable to

some extent.

In another experiment, the photodarkening effect in the Tm3*-doped ZBLAN fiber was found to
be not uniform through the length of the fiber. The transmission spectra of the first 1-m segment
at the beginning and the last 1-m segment at the end of the photodarkened amplifier fiber, and a
1-m of fresh fiber (never pumped) were measured using a white light source and an OSA and are
shown in Fig. 1.42. Contrary to our initial expectation, the first 1-m segment of the amplifier
fiber, where the blue laser power is low, was severely photodarkened while the last 1-m segment
of the amplifier fiber, where the blue laser power is much higher, experienced little photo-
darkening, indicating that the photodarkening is not solely induced by the blue laser and may be
a function of the population at the upper laser level 1G4. Itwasalso observed that photodarkening
occurs only after the parasitic 800 nm laser begins. Several previous papers have tried to help in
the understanding of photodarkening[53,54]. But none of them can be used to explain the
phenomena observed in our fiber amplifier experiment. Therefore, further investigation and new
interpretations of photodarkening in Tm3*-doped ZBLAN fiber are essential for further

developments of high power fiber amplifier for blue lasers.

In conclusion for this section, an all-fiber amplifier for single-frequency blue laser was
demonstrated for the first time. More than 150 mW continuous-wave, single frequency and
single-transverse-mode 478 nm laser output was obtained withan 1125 nm pump laser ata power
of 2 W. The output power was saturated and began to decrease for the pump powers exceeded 2
W due to the onset of the 800 nm lasing. It was observed that the effect of photodarkening is not
uniform across the amplifier fiber and further investigations of photodarkening in Tm-doped

ZBLAN fiber amplifier is essential. Further power scaling of the Tm3*-ZBLAN fiber amplifier
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can be achieved by sufficiently suppressing the 800 nm laser with optimized Nd3* concentration

in the inner cladding and a proper fiber design with tailored guide at different wavelengths.
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Fig. 1.42: Measured loss of 1 meter fresh (unpumped) fiber, 1 meter segment of the end and 1
meter segment of the beginning of the photodarkened amplifier fiber.

1.4 Blue laser fiber amplifier for under water optical communication

Under water communication system (UWCS) has been drawing a lot of attention due to its
extensive applications which span from scientific, and commercial to military purposes.

Currently, UWCSs are based on an acoustic wave, radio frequency (RF) wave, and optical wave.
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Under water optical communication system (UWOCS) which uses optical wave has low cost,
low latency, high data rate and bandwidth compared to the other two systems. The maximum
transmission in ocean water was found to be in the blue-green region with a peak near 480 nm
which can shift depending on the dissolved substances in the water [55]. Blue light emitting
diodes(LED) have been used in UWOCS to increase the transmission range and datarate[56,57].
However, LEDs suffer from insufficient modulation bandwidth and large divergence angle[58].
Therefore, several works showed that blue laser diode with high modulation bandwidth and low
divergence angle can be a promising source for UWOCS[59-61]. But still these systems need to
improve their transmission range. One way to enhance the transmission range is to increase the
signal power, which can be achieved by a compact and environmentally stable laser source with

high power, and excellent beam quality.

Since fiber lasers usually have advantages including power scalability, low thermal effect,
compactness, and low cost of maintenance, several groups have conducted research on thulium
(Tm3*) doped fluoride blue fiber lasers[21,24,25]. However, all of the Tm3*-ZBLAN fibers used
in these experiments are multimode with the cutoff wavelengths > 800 nm and thus the output
laser beams were not robust single transverse mode at all. Most importantly, since these
upconversion lasers were constructed with several meter Tm3*-ZBLAN fiber in linear cavity,
their output was not single longitudinal mode either. Moreover, because bulky mirrors were used
in these lasers to form the cavity and free-space optics were used to couple the pump power into
the gain fiber, these fiber lasers needed careful alignment and were not stable and reliable for in-
field applications. Inthis work we proposed using Tm3*-ZBLAN fiber amplifier to amplify laser
diode output. Fiber laser amplifier is a promising approach to obtain a compact, reliable, high

power, and a single mode blue coherent light for UWOCS applications. Recently, a Tm3*-
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ZBLAN fiber amplifier was used to amplify a single frequency blue laser diode [20]. The
maximum obtained output power was 155 mW. The limited output power was due to low seed
laser power, photodarkening, and inset of 800 nm emission. In this experiment a single mode all
fiber amplifier, amplifying a laser diode operating at 478 nm was demonstrated. The maximum
output power was about 240 mW. The pump threshold was about half of previous experiment
and the input signal was higher than previous work which is due to a better design of wavelength
division multiplexor (WDM), enabling a higher efficient light coupling into the gain fiber, and

utilizing higher laser diode output signal power.

Inblue laser fiber amplifiers, a blue diode laser can be used as a seed laser. Coupling light from
a diode laser to a single mode fiber needs a good mode matching. A general expression for

coupling efficiency between a laser diode with an elliptical Gaussian mode and a single mode

fiber with circular Gaussian mode can be written as:

4'O‘)j%iber wxa)y (l)

= 2 2 2 2
(wx + wfiber)(wy + C")fiber)

Where T, ofiber, ®x, @y, are coupling efficiency, mode field radius of fiber, beam waist of x axis

and y axis of elliptical beam at the fiber plane respectively.

Fig. 1.43 shows the schematic design for converting an elliptical output beam of a laser diode
with an elliptical beam shape to a circular beam. In this method an aspheric lens collimates the
light on fast axis and slow axis then a laser beam expander is used to expand the beam. Laser
beam expanders increase the diameter of a collimated input beam to a larger collimated output

beam. The two common beam expanders are Keplerian telescope, and Galilean telescope. Since
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in Keplerian telescope, the beam is focused between objective lens and eyepiece, is usually used
when spatial filtering is needed. In this experiment, Galilean telescope was used as the beam
expander to expand the beam with lower NA which in this case is on x direction as NAy, NAxare
0.2 and 0.05 respectively. Inorder tohave the minimum effectony direction, the toroidal lenses
were used to build the Galilean telescope oriented on x direction. Since NAy/ NAx =4, the beam
expander (Galilean telescope) should have magnification power (MP) of 4 which leads to -

folf1=4.

W

i 50 mm

Fig. 1.43: Schematic design for creating a circular beam from an elliptical laser diode beam.

The cross section of schematic design of the setup for coupling an elliptical beam to PM 460HP
fiber is shown Fig. 1.44. The beam expander was used on x direction to match the beam diameter
of x direction to y direction. As it can be seen beam is getting expanded while it is traveling in
Galilean telescope. The spot size evolution of the beam is also shown in Fig. 1.44. Beam is

elliptical at lens #2 and then after lens #3 it is almost circular. Aftercoupling into the fiber, Zemax
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fiber coupling was used to calculate the coupling efficiency. The coupling efficiency was found

to be 84%.
Beam expander
- H _ﬁ; | ,
[ \ 4 L
V) i
ke "— .
r R ‘rfﬂ'_':.' 2
iZ W
ke . | |

1.2000 Ml TimEters
4000 Millimeters

Scale: 0.0048 Millimerers

Scale: 1

Scale:

Fig. 1.44: The cross section of schematic design of the setup for coupling an elliptical beam to
PM 460HP fiber and spot size evolution after lens #2, lens #3, and at the fiber.

The amplified spontaneous emission spectrum of Tm3* -ZBLAN fiber is shown in Fig. 1.45.
Tm3*-ZBLAN fiber was pumped by 1125 nm pump. The emission peaks at 450 nm and 650 nm
are due to 1G4 — 3Hes and 1G4 — 3Farespectively. The peaks at 750 nm and 825 nm are due to

the combination two transitions: 1G4 — 3Hs and 3Hs — 3He.
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Fig. 1.45: The amplified spontaneous emission of Tm3*- ZBLAN fiber. Inset: Amplified
spontaneous emission at different pump powers.

It should be noted with pumping harder the ground state gets depopulated and the two emission
peaks at 750 nm and 825 nm merged to one peak. It should be noted that 1G4 — 3Hs and 3Hs —
3Hs transitions can have influence on the laser amplifier operating at 480 nm. As discussed in
the previous section, with increasing pump power the emission around 800 nm gets stronger and
broader compare to 480 nm emission, which is due to the fact that in order to emit 480 nm the
ions need to be excited to 1G4 with three photons upconversion, while emitting at 800 nm beside
1G4 — 3Hs, itcan happen with 2Hs — 3He which needs just two photons upconversion. Also, due

to emptiness of 3Hs energy level, population inversion for the 785 nm transition is achieved much

easier compare to 480 nm emission.
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Fig. 1.46: Amplified spontaneous emission of Tm3* ZBLAN fiber pumped by 1210 nm laser
diode.

Asdiscussed earlier, the reason that the wavelength of pump laser wasn’t 1210 nm which has the
highest peak absorption for ground state is due to the fact that it doesn’t have high absorption in
excited state. As shown in Fig. 1.46 the Tm3* ZBLAN fiber was pumped by 1210 nm laser
diode and the amplified spontaneous emission is significant around 810 nm which is due to 3Hs

— 3He. And emission around 480 and 650 nm are not significant.

The schematic of the single mode fiber blue laser amplifier setup is shownin Fig. 1.47. A Nichia
blue laser diode operating at 478nm was used as the seed laser and coupled to single-mode silica
fiber PM 460HP with NA of 0.12, Mode Field Diameter (MFD) of 3.3 um, and cutoff wavelength
of 410 nm. An ytterbium (Yb3*) doped silica fiber laser operating at 1125 nm was used as the

pump source. A PM wavelength division multiplexor (WDM) made of PM 460HP (signal port)
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and PM780 HP fiber (pump and common port) was used to combine the seed signal laser and the
pump laser together. In order to keep a single spatial mode the common port needs to be short
and straight. The signal coupling efficiency is less than 80% and the pump coupling efficiency
is about 90%. It should be noted that the common port fiber of the PM-WDM needs to be kept
straight on the optical table to reduce power fluctuations and decrease of the fundamental mode
caused by small bending and other environmental effects. 7.5-m of Tm3*-ZBLAN fiber was
spliced to the common port PM780 HP fiber. The typical loss of the splice between a ZBLAN
fiber and a silica fiber is less than 0.3 dB. The output end of the ZBLAN fiber was angle cleaved
to reduce backward reflections. A band-pass filter at 480 nm was used to remove the residual

pump at 1125 nm.

7.5 m Tm3+- ZBLAN fiber

Collimating lens

—

Band pass filter

PM 780 HP

Blue diode Focusing lens

Fig. 1.47: Experimental setup for single mode fiber blue laser amplifier.

The beam quality of Tm3*-ZBLAN fiber at 478 nm was measured using a beam profiler (DataRay
Inc., Beam Map2) in a separate experiment using blue laser. The 2D beam profile is shown in
Fig. 1.48 (a), and Cross section of the beam profile and its Gaussian fit are shown in Fig. 1.48

(b). The measured M? was 1.28 and the cross section of the measured beam was fitted to a

Gaussian fit with 98% accuracy.
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Fig. 1.48: a) 2D profile of the fiber output beam at 478 nm; (b) Cross section of the output
beam profile and its Gaussian fit.

The coupling efficiency from diode to PM460 HP was about 50%. It could have a better
efficiency if the rotational asymmetric emission of diode gets corrected by the coupling system.
The output power of the fiber amplifier as a function of the pump power was measured by a
power meter (Thorlabs, PM100D) as shown in Fig. 1.49Error! Reference source not found..
The blue laser output increases with pump power and then drops when the pump power exceeds
3 W. A maximum output power of 235 mW, corresponding to a net gain of about 9.2 dB and the
slope efficiency of 9% were obtained. The optical spectrum of the diode laser is shown in the
upper leftinset of Fig. 1.49. Having a higher initial signal power, and a better coupling efficiency
between PM780 HP fiber and gain fiber compared to the coupling efficiency between PM980
HP fiber and gain fiber as shown in lower right inset of Fig. 1.49 resulted in the decrease of the
pump threshold of the fiber amplifier by half to about 500 mW compare to pervious experiment.
On the other hand, using PM780 HP led to a lower coupling efficiency of pump powerin WDM

which causes a lower slope efficiency.
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As it was shown in the previous work [20], the reason that amplifier output achieved its highest
power at 3 W pump power and then it decreases as the pump power increased, is due to the onset
of strong emission at 800 nm band. So, a proper fiber design that can reduce emissions from 1G4
— 3Hs and 3Hs — 3He, while maintaining high emission of 1G4 — 3He needs to be investigated.
Since photodarkening is a limiting factor in amplifying blue light[20], and pumping by near IR
has a major role in photodarkening, a two stage amplifier can be used to increase signal output

while the pump power at each stage is relatively low.
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Fig. 1.49: Output power with respect to the launched pump power for 7.5 m Tm3+-ZBLAN.
Upper left: The optical spectrum of laser diode. Lower right: Mode field diameter of 980 HP,

780 HP, and gain fibers.

In conclusion, A single-mode fiber amplifier operating at 478 nm was demonstrated for the
concept of blue diode laser oscillator and fiber power amplifier for underwater optical

communication system. About 240 mW continuous-wave output signal power was obtained at
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478 nm, with 3 W pump laser operating at 1125 nm and then output power began to decrease due
to the onset of the 800 nm emission. The net gain amplifier was found to be about 9.2 dB with

9% slope efficiency.
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Chapter 2 Tm3*-Doped Fluoride Fiber Laser at 785 nm

2.1 Introduction

Laser sources in the 785 nm band have found a variety of applications including remote sensing,
spectroscopy, medicine, and scientific research. Laser sources at 785 nm have been widely used
by dermatologists to study the sunburn skin reaction [62], and have also been extensively used
for Raman spectroscopy because the fluorescence of most organic molecules excited at this
wavelength is very low and detectable Raman signal with a reasonable signal-to-noise ratio can
be produced at a pump power that does not cause substantial photodamage in biological studies
[63]. Most recently, a 785 nm laser was used to pump perovskite platelet crystals to achieve laser
cooling with a temperature decrease by 23 K [64]. Laser emission in the 785 nm band can usually
be obtained from diode lasers, Ti:sapphire laser, and through frequency-doubling of L-band
lasers in the third telecommunication window. In 2014, Sumpf et al. reported a 215 mW
distributed Bragg reflector diode laser at 785 nm [65], however, the output power of a single-
mode diode laser is generally limited to hundreds of mW. Higher output power can be achieved
with semiconductor laser amplifiers and laser beam combing techniques [66], but the beam
quality is always degraded and power scaling is usually limited by thermal issues of in the
semiconductor. Although a 5 W wavelength tunable Ti:sapphire laser was demonstrated in this
wavelength band [67], further power scaling is limited by thermal-optical problems and the
crystallographic properties of Ti:sapphire. In addition, Ti:sapphire lasers require careful
alignment and frequent maintenance. So far, frequency doubling of fiber lasers in the L-band is
the most successful approach for producing high power laser output at the 785 nm band. Over 40

W at 780 nm was obtained by the frequency doubling of the output of an Er3* doped fiber
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amplifier [68]. However, harmonic generation lasers are very sensitive to their environment and
lack agile wavelength tunability. Because fiber lasers have the advantages of high power
scalability, excellent beam quality, and outstanding heat dissipation capability, fiber lasers based
on direct emission at 785 nm should be able to overcome the constraints of the laser sources
mentioned above and produce high power lasers with outstanding features required for various
applications. In this section, we report our investigation on the power scaling of Tm3*-doped

fluoride fiber laser at 785 nm.

2.2 Spectroscopy

Spectroscopy of ZBLAN glass and blue emission of Tm3*-doped fluoride glass discussed in the

previous chapters. This section is focused on the emission at 785 nm in Tm3* ZBLAN glass.

Asshown in Fig. 2.1, thetransition 1G4—3Hsof Tm?3* can produce emission in the 785 nm band.

However, this transition is usually diminished in high phonon energy glasses such as silica and
phosphate due to multi-phonon non-radiative decay. Efficient emission from the 1Gs—%Hs
transition of Tm3* can be obtained in ZBLAN (ZrFs-BaF2-LaFs-AlF3-NaF), which is the most
stable heavy metal fluoride glass and has a phonon energy as low as 500 cm1. ZBLAN is an
excellent host for rare-earth ions and has been extensively used for efficient and compact
ultraviolet, visible, and infrared fiber lasers [17]. Inaddition to the emission in the 785 nm band,
Tm3* doped ZBLAN has a broad range of emission wavelengths from 2.3 um (3Hs — 3Hs) to
284 nm (*1s — 3He) and a variety of Tm3*-doped ZBLAN fiber lasers have been reported [17,69—

72]. Due to the great demand for blue laser sources, Tm3*-doped ZBLAN fiber lasers in the blue

have been extensively studied [20,53,73].
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Fig. 2.1: Partial energy level diagram of Tm3* and the transitions related to the laser emission
at 785 nm.

Since the 785 nm laser transition is 1G4—3Hs the lifetime of both these energy levels are crucial.
Walsh et al. used Judd—Ofelt theory to calculate theradiative lifetime of Tm3*:ZBLAN and Tm3*:
Silica [74]. The lifetime of 1G4 was calculated to be 0.9 ms, and 0.43 ms for Tm®*:ZBLAN and
Tm3*: Silica respectively. Since the lower energy level of the 785 nm transition is 3Hs having a

short lifetime is more desirable. Walsh et al. calculated the lifetime of 3Hs to be 6.9 ms, and 3.9

ms for Tm3*:ZBLAN and Tm?3*: Silica respectively.

The power dependence of the upconversion emissions on the pump power of 1125 nm was
measured, as shown in Fig. 2.2. Inthe initial stage the efficiency slope for all three upconversion
emissions from 1Gais almost same. They grow as the pump power increase, which is a general
description of three-photon upconversion processes. As the pump power increases, the slope
efficiency decreases. The 480 nm emission band gets saturated, while the 650 nm emission band

starts decreasing as pump power increases. However, 780 nm emission band still increases

monotonically.
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Fig. 2.2: Power dependence of upconversion emissions on pump power.

Compared to the substantial study of Tm3*-doped ZBLAN fiber lasers at other wavelengths,
investigation of the fiber lasers at 785 nm has lagged behind. In 2005, Qin et al. reported their
study on the 784 nm amplified spontaneous emission of a Tm3*-doped ZBLAN fiber [75]. Later,
multi-wavelength laser emission was demonstrated with a 2 m 0.1 mol% Tm?3*-doped ZBLAN
fiber. However, the output power of the fiber laser was only a few mW [76]. In 2007, dual-
wavelength operation of a 0.2 mol% Tm3*-doped ZBLAN fiber was investigated by Androz et

al and about 30 mW of laser output at 785 nm was obtained [71].

It is worthwhile to note that all these previous experiments were demonstrated with multimode
gain fibers and free space optics, which did not take advantage of the fiber laser geometry. In this
chapter, we report the first demonstration of an all-fiber single transverse mode laser at 785 nm

with, to the best of our knowledge, the highest output power (0.5 W) thus far reported.

83



2.3 Experiment, result and discussion

As shownin Fig. 2.1, Tm3*ions can be excited to the upper laser level 1G4 by either one photon
pumping at 465 nm or upconversion multi-photon pumping at 1.1 um. Directly pumping at 465
nm has the advantages of high conversion efficiency and no need of high pump density.
However, high power single-mode diode lasers at 465 nm are still not available and the power
levels of multimode diode lasers are not high enough to enable cladding pumping with high
conversion efficiency due to the small absorption cross-section at 465 nm (about 1 x 10-21cm?).
Upconversion multi-photon pumping is currently still the most efficient method to excite to the
1G4 level. In this experiment upconversion pumping at 1125 nm was used to populate the 1G4
level because the three absorption transitions 3He—3Hs, 3F4—3F3, and 3Hs—1G4 have their
maximum effective absorption at this wavelength [51]. There are three major radiative transitions
from 1Ga: 1Ga—3Hs, 1Ga—3F4, and 1Ga—3Hs, emitting light at 785 nm, 650 nm and 480 nm,
respectively, as shown by the fluorescence measured with a Tm3*-doped ZBLAN glass in Fig.
2.3. Itis noted that the measured fluorescence at 800 nm has contributions from two transitions
1G4—3Hsand 3Hs—3Hs. The branching ratios of the three transitions (1G4 to 3Hs, 3Fsand 3Hs )

are 0.378, 0.077, and 0.384, respectively [48].
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Fig. 2.3: Measured fluorescence of Tm3* ZBLAN glass from 1G4 energy level.

In our experiment, a Tm3*-doped ZBLAN fiber with a core diameter of 4 um and a numerical
aperture (NA) of 0.07 was used as the gain fiber. The cladding diameter of this fiber is 125 pm,
which is compatible with standard silica fibers enabling robust fusion splice for all-fiber laser

development. The fiber core is doped with 0.1 mol% Tm?3* ions and the pump absorption of the

fiber was measured to be 1.56 dB/m at 1125 nm by a cutback experiment.

The schematic of the all-fiber laser is shown in Fig. 2.4. Anytterbium (Yb3*) doped silica fiber
laser operating at 1125 nm was used as the pump source. Two fiber Bragg gratings (FBG) at 785
nm inscribed in the 780HP silica fiber cores were used to make the resonant cavity. A high
reflection (HR) FBG with a peak reflectivity of 99.9% and a 3-dB bandwidth of 0.66 nm was
used at the cavity mirror. A low reflection (LR) FBG with a peak reflectivity of 53.44% and a 3-

dB bandwidth of 0.2 nm was used as the output coupler. The Tm3*-doped ZBLAN fiber was
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spliced to the two FBGs from both sides using a proprietary splicing technique [77]. An image
of the splice joint betweenthe silica fiber and the Tm3*-doped ZBLAN fiber is shown in the inset
of Fig. 2.4. The 1125 nm pump laser delivery fiber (H11060) was spliced to the HR-FBG. The
LR-FBG was spliced to the common port of a 785/1125 nm WDM made of 780HP fiber, which
separates the residual 1125 nm pump laser and the 785 nm signal laser. The output power was
measured with a power meter (Ophir StarBright), and the optical spectrum was measured with

an optical spectrum analyzer (Ando, AQ6351A).

3 m Tm-ZBLAN

HR-FBGat  fiPer  LR-FBG at
785 nm

WDM
Output laser at 785

nm

1125 nm
pump

Residual
pump

Fig. 2.4: Experimental setup of the all-fiber laser at 785 nm. Inset: microscopic image of the
splice joint between the silica fiber and the ZBLAN fiber.

In our experiment, 3-m and 6-m Tm3*-doped ZBLAN fibers were tested. The output power of
the 3-m Tm3*-ZBLAN fiber laser with respect to the launched pump power was first measured
and is shown in Fig. 2.5. The pump threshold of this laser is about 1.2 W. The laser output
increases linearly with increasing pump power, following typical laser performance for pump
powers less than 4 W; in this regime the slope efficiency is about 2%. However, the slope

efficiency of the laser increases dramatically as the pump power further increases. The slope
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efficiency becomes 17.8% when the pump power exceeds 7 W. An output power of 0.485 W
was obtained at 8.7 W pump power, which was the maximum pump power handling capability
of our current ZBLAN fiber chains. The spliced ZBLAN fiber chain was found to burn at higher

pump power because the cladding of the single-cladding ZBLAN fiber absorbs the uncoupled

pump power.
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Fig. 2.5: Output power with respect to the launched pump power for the 3-m and 6-m Tm3*
ZBLAN fiber lasers.

The output power of the 6-m Tm3*-ZBLAN fiber laser was also measured and is shown in Fig.
2.5. As opposed to the performance of the 3-m fiber laser, the output power of the 6-m fiber laser
was a linear function of the pump power. The slope efficiency of the 6-m fiber laser is about

1.8% and the maximum output power of 136 mW was achieved fora pump power of 8.7 W.
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Fig. 2.6: The measured absorption cross-section of Tm3* ZBLAN glass.

The difference in performance between the 3-m and 6-m fiber lasers is due to the strong
absorption of Tm3* at 785 nm and the small absorption at 1125 nm as shown in Fig. 2.6. Since
the ground-state absorption 3He—3Ha4is strong at 785 nm, the ions staying in the ground -state
will absorb the generated 785 nm laser light and thus reduce the laser efficiency. Inthe 3-m fiber
laser, the whole gain fiber segment is sufficiently pumped and the number of ions staying in the
ground-state reduces significantly as the pump power reaches more than 5 W, such that good
population inversion is achieved. As a result, fiber absorption at 785 nm reduces and the laser
efficiency increases accordingly. Inthe 6-m fiber, however, the fraction of ions remaining in the
ground-state is still significant at 8.7 W pump power and thus the nonlinear increase of the
efficiency observed in the 3-m fiber laser is not observed in the 6-m one. The decrease in ground-
state absorption at 785 nm with increasing pump power exhibits good agreement with the

observation of Qin et al. [75]. They found that the ASE emission at 810 nm decreases with the
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increasing pump power, which indicates that the number of ions in the ground state is reduced,
while the emission intensity in the 785 nm band is growing. The spectrum of the all-fiber Tm?3+-
ZBLAN laser was measured with the OSA and is shown in Fig. 2.7. The central wavelength is

784.5 nm and the 3-dB spectral bandwidth is 0.2 nm.
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Fig. 2.7: Output optical spectrum of the all-fiber Tm3+-doped ZBLAN laser measured in from
450 nm to 1000 nm. Inset shows the spectrum measured in the range from 783 nm to 786 nm
with a resolution of 0.05 nm.

Androz et al observed self-pulsing Tm3*-ZBLAN upconversion fiber laser in the region of 800
nm pumping with Yb laser operating at 1108 nm[71]. The self-pulsing of our system was tested
by monitoring the output signal as a function of time shown Fig. 2.8. Two different time intervals

of ms and ps were tested and their fluctuations were 0.16% and 0.7% respectively. No self-

pulsing was observed in this setup.
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Fig. 2.8: Temporal evolution of signal power to test self-pulsing in ps interval. Inset: Temporal
evolution of signal power to test self-pulsing in ms interval.

Our experimental results have shown that the efficiency of the Tm-doped ZBLAN fiber laser at
785 nm increases with the increasing pump power. It is expected that higher efficiency can be
achieved at further increased pump powers. Nevertheless, the efficiency of the 785 nm fiber laser
can be also increased by reducing the splice loss between ZBLAN fiber and silica fiber and
improving overlapping of the fiber core with laser and pump. Direct pumping at 465 nm can also
remarkably increase the efficiency. But there is no available high power single mode diode laser
operating at 465 nm. Another technique that can increase the laser efficiency is to use dual
pumping. The absorption cross section of the 1125 nm is very weak in the ground state, while
this wavelength has a strong absorption in metastable energy level of 3F4 and3H4 [51]. To reduce
the population at the ground state and consequently increase the laser efficiency, a pump laser at

the strong absorption peaks of Tm3* can be used to depopulate the ground state and excite them

90



to 3F4 energy level and the 1125 nm laser is used to carry on the upconversion. Therefore, dual-

wavelength pumping may be a promising approach to achieve high efficiency fiber laser at 785

nm.

In conclusion, we have developed an all-single-mode fiber Tm3*-doped ZBLAN laser operating
at 785 nm and an output power of about 0.5 W was obtained at a pump power of 8.7 W. A
maximum slope efficiency of 17.8 % was obtained with the 3-m fiber as the pump power
exceeded 7 W. The efficiency of this all-fiber laser can be improved by reducing the splice loss,
using a gain fiber with optimized overlap between the laser, the pump and the fiber core, and

employing new pumping schemes to deplete the ground state sufficiently.
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Chapter 3 Tm3*-Doped Silica Fiber Laser in 2 um

3.1 Introduction

Over the past decade, fiber lasers have developed in all aspects of laser performance. Different
types of applications have also been expanded for fiber lasers, from material welding, cutting,
soldering, marking, cleaning, to medicine, research, and security. Fiber lasers have advantages
such as excellent heat dissipation, single pass high gain, beam quality, freedom from alignment,

compactness, and low maintenance, etc.

Fiber lasers are able to operate from deep UV to IR. Among different wavelengthsthat fiber lasers
are able to operate, 2 um region has drawn tremendous attention. 2 um fiber lasers can be used
for a vast variety of different applications. For instance due to smaller atmospheric scattering,
atmospheric distortion and thermal blooming compare to 1 um lasers, they are good candidates
for light detectionand ranging (LIDAR), direct energy laser weapon, sensing systems, and optical
communication; 2 um lasers are more efficient than 1 um lasers for non-metal material
processing applications such as direct cutting, welding, and drilling. Especially plastics are
transparent in 1 um region, while they have high absorption in 2 um[78]; They have also attracted
much attention for highly precise laser surgery for both soft and hard tissue owing to a strong
water absorption peak near 2 um as shown in Fig. 3.1 [79]; Due to water absorption in 2 pm
region, lasers operating in this wavelength range are considered as eye safe lasers; 2 um laser can
be used as the pump sources for laser systems that emit at longer wavelengths in the mid-infrared
or THz range[80,81]. Due to the high demands for high energy lasers at 2 um, significant efforts

have been made to develop 2 um lasers in the last decade and most researches have been focused
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on thulium (Tm3*) laser due to strong absorption around 800 nm, where high-power laser diodes

are available.

10°

104 \L 1 1um
- || 10 ym
E 10 ~ tarin NI - ®
= 2 1 v 100 ym 2
t 10 , 2
° +—
i 10" Haeiol 1mm ¢
= = | \ Water 1iem <=
g WI—11 &
o . ‘ o
c 10" k 1 10cm c
B 10—\ W5
o ! ‘ ®
B e | | 100m 2

0,1 0,5 1 10

wavelength [um]

Fig. 3.1: Absorption and penetration depth in water and other biological tissue constituents for
different wavelengths [79].

Thulium doped fiber laser (TDFL) can be in continuous wave (CW) in single frequency regime,
single transverse mode; it can be pulsed laser with high peak power. Different groups have worked
on developing single frequency laser using thulium doped fiber around 2 um. For instance, a
group in Denmark used a single frequency distributed feedback (DFB) thulium doped silica fiber
laser at 1735 nm[82]. The laser cavity was about 5 cm, and Ti:sapphire laser was used to pump
the gain. With the threshold pump of 59 mW the maximum output power was 1 mW. In 2005,
345 mW single frequency DFB master oscillator power amplifier (MOPA) was demonstrated at

1836 nm [83]. The maximum power was obtained from DFB was 5 mW and then it was amplified
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to 345 mW with the pump wavelength at 1565 nm. A 2 cm distributed Bragg reflector (DBR)
fiber laser was demonstrated with single-frequency output at 1950 nm and laser linewidth less
than 3 kHz [84]. A single-mode Er-doped fiber laser at 1575 nm was used a core-pump source.
A high-power single-frequency mode-hop-free fiber DBR laser was developed at 1943 nm with
580 mw signal output[85]. An in-band pump Er/Yb fiber laser at 1565 nm was used in this
experiment. ahigh power all-fiber single frequency Tm-doped fiber amplifier using MOPA with
the central wavelength of 1970 nm and maximum output power of 102 W was also developed [86].

The slope efficiency of this setup was about 50% with respect to the absorbed pump power.
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Fig. 3.2: Summary of shortest pulses durations observed over time in mode-locked Tm-doped
fiber laser systems[87].
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In additionto CW laser, pulsed lasers in 2 um region using TDFL have been demonstrated. In
2209, all-fiber Q-switched single-frequency laser oscillator operating in the eye-safe region at
1950 nm was developed with pulse repetition rate between tens of hertz to hundreds of
kilohertz[88]. Different groups have also demonstrated high power ns pulsed laser using thulium
doped fiber laser in 2 um region[89-91]. Different groups have also worked on thulium doped
mode locked fiber in 2 um region[92-96]. Fig. 3.2 summarizes shortest pulses durations

observed over time in mode-locked Tm-doped fiber laser till 2014 [87].

In this chapter we will discuss the spectroscopy of thulium doped silica fiber with the focused on
its emission in 2 um region and then we will demonstrate several watts thulium doped fiber laser
operating in CW regime and also we will show microsecond and nanosecond Q-switched fiber

laser MOPA using thulium doped silica.

3.2 Spectroscopy of thulium doped silica for mid IR emission

Spectroscopy studies how matter interacts with electromagnetic waves. These days, spectroscopy
became a fundamental tool to investigate physical and electronic structure of matter at atomic
scale. So, the spectroscopy of rare earth ions has become the backbone of different fields from
material design to astronomy. The difference in performances of photonic devices such as slope
efficiency of a laser, two photon absorption, refractive index, gain of amplifier, lasing
wavelength, saturation intensity, pump wavelength is rooted in the spectroscopic properties of

the materials.
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Silica glass has usually transmission range of 0.16 to 4 um as shown in Table 3.1 [17]. Due to
high transition temperature of 1175 °C, silica glass is a very stable glass and resistant to chemical

attack. The maximum phonon energy of silica glass is around 1100 cm-L,

Table 3.1: Basic properties of silica glass[17].

Glass Property Silica
Transmission range (um) 0.16-4
Maximum phonon energy(cm™) 1100
Transition temperature (C) 1175
Specificheat (J/(g.K)) 0.179
Thermal conductivity (W/(m.K)) 1.38
Expansion coefficient (10°¢/K) 0.55
Density (g/cm3) 2.20
Knoop hardness (kg/mm?) 600
Fracture toughness (MPam?'/2) 0.72
Poisson’s ratio 0.17
Young’s modulus (Gpa) 70
Shear’s modulus (Gpa) 31.2
Bulk’s modulus (Gpa) 36.7
Refractive index (@ 589 nm) 1.458
Abbe number 68
Zero material dispersion wavelength (um) 1.3
Nonlinearindex (103 esu) 1
Thermo optics coefficient (10/K) 11.9

The energy level diagram of Tm3* doped silica for 2 um region emission is shown in Fig. 3.3.

The emission transition of 3F4 — 3Hg can emit between 1700 to 2100 nm. In order to populate 3Fs
an in-band pumping can be used. The wavelength range for in-band pumping can be from 1500
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to 1950 nm. A pumping source operating in 1200 nm region also can be used to excite the ions to
3Hs and then due to nonradiative transition the 3F4level will be populated. Same process can be
used by 790 nm pump source but two consecutive nonradiative emission would happen on from

3H4 to 3Hs and then to 3Fa.
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Fig. 3.3: Energy level diagram of Tm3* doped silica for 2 um region emission.

As it can be seen from Fig. 3.3, the 3F4 manifold is the first excited state of Tm3* whichis 0.74
eV above the ground state. The 3F4 — 3He transition is usually wide emission band from1.6 to
2.0 um. The large linewidth of the emission usually means a strong coupling of the rare earth ion
to matrix of the glass. The life time of 3F4 manifold was found to be around 0.42 ms[49]. Which
gives a radiative quantum efficiency of (RQE) of around 9%. RQE defined as the ratio of
measured lifetime to calculated radiative lifetime by Judd—Ofelt theory. RQE of 3F4can be much
higher and close to 100% for glasses with lower phonon energy such as ZBLAN. The smaller
RQE usually leads to higher threshold pump power. the 3Hs manifold is the second excited state
of Tm3* which is 0.95 eV above the ground state. Since the energy difference between $Hs and

3Fs manifold is about 2250 cm™1, the ions can easily decay from 3Hsto 3F4 manifold. As it can be
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seen in Fig. 3.4 the peak absorption of 3Hsis not that much higher than the peak absorption of

3F,.
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Fig. 3.4: The optical absorption and emission spectra of thulium doped silica fiber[97].

The third excited state of Tm3* doped silica is *Hs which has the energy level of 1.55 eV with
respect to the ground level. As it can be seen in Fig. 3.4, it has the highest absorption in Tm3*
doped silica. The lifetime of 3Hs was found to be around 20 ps[49]. There are two advantages to
pump the Tm3* doped silica to 3Ha to get 3F4 — 3Hg emission, one is the availability of high pump
power around 800 nm, second it can have quantum efficiency of greater than 100% [98], which
is due to the cross relaxation as shown in Fig. 3.5. In this process the ion “a” is in some excited
state, a part of its energy is transferred to some other ion which in here is ion ’b”, as it was

originally in the electronic ground state, and both ions are finally in the upper laser level at 3F4.
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Fig. 3.5: The cross relaxation process between two thulium ions labeled as “a” and “b”.

So in general in order to excite the thulium ions in silica fiber to 3F4 manifolds, in-band pumping
from 1500 to 1950 nm can be used or using a pump source operating in 1200 nm region, and 790

nm pump source can be used to popule the 3F4 manifolds.

3.3 Experimental results and discussion

Different Tm3* doped silica fiber lasers have been developed in this experiment. Since high power
fiber-coupled diode pump laser at 793 is available, two pump diodes at 793 was used as the pump
source. Two pump diodes and combiner were installed on a cooling plate which was cooled by
chiller using water. The combiner had two input for pump power which multi-mode fibers were

used, and one input as signal port which SMF28 fiber was used. The common port was double

clad with core diameter of 10 pm.

As shown in Fig. 3.6 Tm-doped fiber laser was built to operate at 1950 nm. 3.5 m Tm-doped

silica fiber with a core diameter of 10 um was used as the gain fiber. A pair of fiber Bragg gratings
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(FBGs) were spliced to the gain fiber to form a laser cavity. About 7.5 W stable output at 1950

nm was obtained, but with increasing pump the HR FBG burnt.

793 nm
pump
- HR DC
fiber 60% LR FBG
\H Combiner . M . 3.5mgain fiber |
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Splice and Splice and Stripping
.‘ coating coating
793 nm
pump

Fig. 3.6: A schematic of laser setup operating at 1950 nm.

Fig. 3.7 shows the output power of the laser as a function of pump power. The efficiency of laser
is about 37% and the output was stable up to 25 W input pump power. The maximum obtained
signal output was 7.5 W. When the pump increased further the high reflective fiber Bragg grating
burnt. The pump threshold of the laser was bout 3 W. The lower right inset of Fig. 3.7 shows the
laser spectrum output which is around 1949.5 nm with about 0.1 nm full width half maximum
(FWHM). In order to get higher signal output, the high reflective fiber Bragg grating needs to be
coated in a better quality to reduce the leaking power from outer cladding. Putting a fan on the

FBG can also help.
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Fig. 3.7: The output signal as a function of pump power. Lower right inset: The spectrum of
laser output.

We also examined 1.6 m gain fiber, but the setup was different as shown in Fig. 3.8. The lasing
wavelength was 1940 nm and the PR FBG had 10% reflection. The gain fiber was same as the

previous experiment purchased from 1 Xblue.

793 nm pump diode

Tm gain fiber

PR FBG HR FBG

:mu Q) =

793 nm pump diode

Fig. 3.8: A schematic of laser setup operating at 1940 nm with PR FBG of 10% reflection.
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The signal power as a function of incident pump power is shown in Fig. 3.9. The reason we didn’t
pump it harder was due to the fact that we were testing this setup for Q-switched laser. The slop
efficiency was about 35% and the threshold pump power was about 1.16 W. The threshold power
was expected to be lower but the PR FBG had 90% transmission which caused higher threshold
pump power. The maximum obtained output power was 915 mW. The residual pump power as a
function of pump power is shown in inset of Fig. 3.9. As it can be seen at 3320 mW incident

pump power the residual pump power was about 400 mW. Which means about 88% of the pump

power is absorbed and only 12% residual pump is obtained.
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Fig. 3.9: The output signal as a function of pump power for 1.6 m gain. Lower right inset: The
residual pump as a function of pump power.

In another experiment, two Q-switched lasers were built with linear cavity design and ring cavity
design. The designs are based on active Q-switching using acoustic optical modulator (AOM). The
ring cavity setup is shown in Fig. 3.10. 793 nm diode pump was used to pump the 1.6 m gain fiber

which was a double clad fiber. After the gain fiber a pump stripping was used to dump the residual
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pump in order to protect the AOM. The maximum input power for AOM was 150 mW average
power. After removing the residual pump, a 50/50 coupler operating at 1940 nm was used as the
output coupler. And finally an AOM was placed after the coupler. At pump power of 2.9 W and

pulse with of 500 ns the average power as a function of repetition rate was measured. As shown in

Table 3.2.
Gain fiber
Dumping pump
. 50/50 coupler[
ombiner
Output signal

793 nm ll /)
pump

Fig. 3.10: The schematic setup for Q-switched laser ring cavity design.

Table 3.2: signal output as a function of repetition rate.

R (kHz) P (mW)

100 31
80 20
60 18
40 16.5
20 9.5
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The linear cavity setup was also tested. In linear cavity setup the AOM was spliced to the signal
port of the combiner. The schematic design of linear cavity is shown in Fig. 3.11 (a). The pair of
FBGs were working at 1940 nm. The HR FBG was used after the gain fiber and PR FBG was
spliced to the output of AOM. The gain fiber was same as the one used in ring cavity design. Fig.
3.11 (b) shows the average signal power as a function of pump power for the repetition rate of 15
kHz and the pulse width of 50 ps. a signal output power of 10 mW corresponding to 0.66 pJ was

obtained.
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Fig. 3.11: (a) The schematic setup of linear cavity design for Q-switched laser;(b) the average
signal output power as a function of pump power.

The output of linear cavity Q-switched laser was amplified with one stage amplifier and a
maximum of a few puJ was obtained. Fig. 3.12 shows an example of measuring pulse width and
repetition rate of the output signal. The pulse widthwas 10 ps and the repetition rate was 10

kHz. In order to measure the pulse width and repetition rate of the signal a biased free space

InGaAs detector was used.
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In conclusion, in this experiment we were able to demonstrate a thulium doped fiber laser
operating in CW regime with several watts output power in 2 pm region. 793 nm high power
diode pump was used to pump the gain fiber and the slope efficiency of 35% was obtained. Ring

cavity design and linear cavity design of thulium doped fiber Q-switched laser operating in 2 um

region were also demonstrated.
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Fig. 3.12: The pulse width and repetition rate of output signal.
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Chapter 4 Magneto Optical Properties of Dy3*-Doped Glasses

4.1 Introduction

Magneto-optical (MO) materials capable of influencing the light propagation under an applied
magnetic field by use of the Faraday effect, magnetic Kerr effect,and magnetic circular dichroism
have found a variety of applications ranging from optical switches, isolators, modulators to
security encoding and sensing [99-101]. The Faraday effect, in which the polarization plane of a
linearly polarized light beam is rotated by the interaction between the incident light and the MO
material, has been extensively used for these applications. Faraday effect of a MO material is
usually quantified by the Verdet constant V, which is defined as the rotation of the polarization
vector for alinearly polarized light beam under a certain longitudinal (along the light propagation
direction) magnetic field (usually 1 Tesla) and 1-m optical path length in the MO material. MO
materials with large V and low optical absorption are usually needed for the development of
optical isolators and circulators, which have been extensively used in optical communication
systems and laser systems in the near-infrared. Inrecent years, there is an increasing demand for
MO devices operating at the 2 um wavelength region, which is atmospheric transparent, eye-safe,
and low-scattering and distortion for light propagation. Yttrium iron garnet (Y1G) and bismuth-
substituted yttrium iron garnet (Bi-Y1G) crystals are currently the most prevalent MO materials
for 2 um applications. But their fabrication is time-consuming and cost-intensive. These
crystalline materials are birefringent and cannot be used for applications where an isotropic
material is required. Therefore, new isotropic MO materials with large V and low optical

absorption at 2 um are in great demand.
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Glasses are amorphous, easy to fabricate, and cost-effective, and can be readily made into optical
components with desired sizes and shapes and even drawn into optical fibers. Therefore, MO
glasses have attracted significant interest and have been investigated for many years. Undoped
oxide glasses usually have diamagnetic MO properties and their Verdet constants are relatively
small. MO oxide glasses with large Verdet constants can be achieved by incorporating rare-earth
dopants including Eud*, Dy3*, Pré*, Tb3* and Ce3* [102,103], which are paramagnetic and have
large magnetic moments attributed to the electronic transition 4f " — 4f "-15d. However, most of
these MO glasses have absorption peaks in the 2 um wavelength region and thus cannot be used
to make low-loss MO devices for 2 um applications. Ce3*and Dy3*ions are candidatesas dopants
for MO glasses at 2 um because they do not have absorption peaks in this wavelength region.
However, it is still difficult tomake highly Ce3*-doped glasses without producing any Ce**, which
is diamagnetic and reduces the Verdet constant of the glass accordingly [102]. Among the rare
earth ions, Dy3* (6H1s/2) has the largest effective magnetic moment (Uerr= 10.6 pg) [103]. Large
Verdet constants have already been measured with highly Dy3*-doped crystals and ceramics. A
Verdet constant of 119 rad/T/m at 635 nm was obtained with a Dy?3*-doped aluminum garnet
[104]. Most recently, a Verdet constant as high as 297 rad/T/m at 633 nm was achieved with a
(Dyo.9Y 0.05La0.05)203 ceramic with a Dy doping level of 90 mol. % [105]. Due to its half integer
total moment J, the energy levels of Dy3*remain degenerate and thus a large magnetic moment
can be obtained even fora low symmetry crystal field environment such as a glass [106]. Several
studies have shown that Dy>O3 can be a modifier or turn into an exchange coupled Dy3*ion in
oxide glasses [106,107], resulting in large Verdet constants. It has been found that Dy3*-doped
glass has the second largest V after Th3*-doped counterpart glass in the visible range [108].

Therefore, Dy3*-doped glasses are quite promising MO materials for the 2 um wavelength region.
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In order to compare Dy3*-doped glasses with other paramagnetic glasses, Th3*-doped glasses and
Ce3*-doped glasses were also fabricated.

4.2 Theory of Faraday rotation

The Faraday effect was discovered by Michael Faraday in 1845. He was trying to look for the
effects of magnetic effect on light passing through various materials. Finally, after many
unsuccessful trials, he was able to observe that a beam of polarized light can be rotated as it
passes through a glass when the direction of magnetic field and light propagation is the same.
The effect is known as Faraday rotation or Faraday effect. Later on, Sommerfeld explains that
this effect is due to the difference between the refractive index of left circularly (n-) and right
circularly (n+) polarized light components of light [109]. In his derivation, he considers a simple
Lorentzian force and then he calculates the response of oscillators to the applied field. He finds

that the difference between refractive index of n- and n+can be written as[110]:

Ne? Byw

n,—n_= 1
¥ neymg (wg — w?)? 1)

where N is the oscillator density, w? is the resonance frequency, e the charge, and m, the
mass of an oscillator, Bois the magnitude of the external magnetic field, w is the frequency
of the optical field, g, is the vacuum permittivity, n is the index refraction of medium in the

absence of magnetic field.

If a sample with length L that can be treated by Lorentzian equation placed in an external

magnetic field Bo, the difference in the indices leads to a rotation angle[110]:
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So then Verdet constant can be written as:

Ne3pu, w? eu, dn
= = w—
2nmice, (w3 — w?)?  2myc dw

(3)

It is seen that the Verdet constant is proportional to the dispersion of the medium.

Based on equation (3), the relationship between the Verdet constant and the wavelength of the

light for diamagnetic materials can be written as a simplified Borrelli equation as[111]:

v=—2_

A2 2
1%
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Van Vleck-Hebb derived a relationship between the paramagnetic contribution of the Verdet
constant and the magnetic susceptibility which can be written as following for the room

temperature operation when electronic dipole transitions are dominated [111]:

_ 4NV 2 C,
3chkTgug vZ—v?

n

()

where ¢, h, k, T, g, U8, N, Wefr, v, v2, C,,, are speed of light, Planck constant, Boltzmann constant,
temperature, Lande splitting factor, Bohr magneton number ,paramagnetic ion concentration,
effective magnetic moment, light frequency, frequency related to the excited state, and transition
moments, respectively. Based on the equation, Verdet constant is linearly proportional to the

inverse of temperature and, proportional to the paramagnetic ion concentration.
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4.3 Glass fabrication and characterization

The Dy3*-doped glasses, Th3*-doped glasses and Ce3*-doped glasses were made by conventional
glass fabrication methods. High purity chemical powders, GeO2, SiO2,P20s, B203, Al203, Ga20s3,
and Re203 (Dy203, Ce203, Th203) with specific weights according to the composition for making
stable glasses, were prepared as the starting materials. The powders were mixed and loaded into
a platinum crucible. The crucible was then put in a furnace at a temperature between 1450-1650
°C fora period of 15-48 hours depending on the quantity of the raw materials. During the process,
chemical reactions occurred and a glass melt was formed. The crucible was then removed from
the furnace and the glass melt was poured into a preheated metal mold and quenched to a glasssy
solid. Finally, the glass was placed in an oven for annealing at its glass transition temperature for
2-10 hours depending on the volume of the glass and cooled down slowly to room temperature at
a rate of 20 °C/hour.

Three different glasses of 20 wt.% Dy3*doped germanate glass, 20 wt.% Ce3* doped germanate
phosphate glass, and 25 wt.% Th3* doped phosphate glass are shown in Fig. 4.1. As it can be
seen from the color of the glasses, Th3* doped phosphate glass is completely transparent for the

naked eyes.

(a) (b) (c)

Fig. 4.1: (a) 20 wt.% Dy3*doped germanate glass; (b) 20 wt.% Ce3* doped germanate
phosphate glass;(c) 25 wt.% Tb3* doped phosphate glass.
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The transmission spectra of the three glasses of 20 wt.% Dy3* doped germanate glass, 20 wt.%
Ce3*doped germanate phosphate glass, and 25 wt.% Th3* doped phosphate glass are shown Fig.

4.2.
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Fig. 4.2: The transmission spectra of the three glasses of 20 wt.% Dy3+ doped germanate
glass, 20 wt.% Ce3+ doped germanate phosphate glass.

Th3* doped phosphate glass is transparent to 1600 nm. There is a jump at 800 nm due to the
changing grating of the Cary 5000 which was used to measure the transmission. Ce3* doped
germanate phosphate glass is transparent between 1300 nm to 2200 nm. Dy3*doped germanate

glass transparency window is between 1900 nm to 2200 nm.
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Fig. 4.3: Transmission spectra of 40 and 50 wt.% Dy»0O3 doped phosphate glass.

We started with germanate glass as the host matrix and the maximum concentration without
crystallization was 20 wt.% Dy20s3, in order to get to higher concentration the P>.Os content of
the host matrix increased and 40 and 50 wt.% Dy»03 doped phosphate glass was fabricated as
shown in Fig. 4.3. The difference between germanate glass and phosphate glass as host is the

dip in phosphate glass around 2100 nm which can’t be seen in germanate glass.

A Metricon Model 2010 prism coupler was used to measure the refractive indices of 40 and 50
wt.% Dy203doped phosphate glasses at 633, 816, 1305, 1555 nm. Fig. 4.4 shows the refractive

indices of Dy3*-doped glasses at different wavelengths. It is clear that the refractive index

increases with the increased concentration of Dy3*.
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Fig. 4.4: The refractive indices of Dy3*-doped phosphate glasses measured at 633, 816, 1305,

and 1555 nm and the fitting curves with Cauchy equation.

The refractive index dispersion of a glass can be described by Cauchy equation as following:

B C
n=A+)\—2+F(1)

where, A is the wavelength of the light, A, B, and C are the coefficients of Cauchy equation,

which can be obtained by fitting the experimental data and are shown in Table 4.1.

Table 4.1: The coefficient of Cauchy equation for Dy3*-doped phosphate glasses

Wt.% A B (10°) C(10°)
40 1.5550 1.1419 -1.45882
50 1.5699 1.3386 -2.18858
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In another experiment, the highly Dy3* concentrated in multicomponent glasses were also made
by conventional glass fabrication methods. High purity chemical powders, SiO2, P2Os, B20Og,
Al203, AlF3, Ga:03, and Dy203, with specific weights according to the composition for making
stable glasses, were prepared as the starting materials. The powders were mixed and loaded into
a platinum crucible. The crucible was then put in a furnace at a temperature between 1450-1650
°C foraperiod of 15-48 hours dependingon the quantity of the raw materials. During the process,
chemical reactions occurred and a glass melt was formed. The crucible was then removed from
the furnace and the glass melt was poured into a preheated metal mold and quenched to a glasssy
solid. Finally, the glass was placed in an oven for annealing at its glass transition temperature for
2-10 hours depending on the volume of the glass and cooled down slowly to room temperature

at a rate of 20 °C/hour.

Five highly Dy3* concentrated in multicomponent glasses with different Dy2Ozwt.% from 40 to
75 were successfully made. The other compositions wt.% varied differently for each Dy glass,
Ga203(8-15.7 Wt.%), P20s (3.2-7 Wt.%), SiO2 (3.24-7.6 Wt.%), B203 (7.3-13.8 wt.%), Al.Os (2-
15.81 wt.%), and AlF3z (1.14-1.22 wt.%). Five different highly Dy3* concentrated in multi
component glasses with Dy.Oz concentration of 40 wt.% (Dy40), 50 wt%. (Dy50), 60 wt.%
(Dy60), 65 wt.% (Dy65), and 75 wt.% (Dy75) were made. The ion concentrations of the five
Dy3*-doped glasses are 5.5x10%7 m= (Dy40), 7.3x102” m2 (Dy50), 9.4x102" m2 (Dy60),

1.26x1028 m-3 (Dy65), and 1.52x10%8 m3 (Dy75), respectively.

All the five Dy3*-doped glasses were cut, polished and prepared for optical transmission
measurements. The prepared samples were cut to the thicknesses of 3 to 5 mm with both sides

polished. The optical transmission spectra of all five samples are shown in Fig. 4.5. Cleary, the
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Dy3*-doped glasses have high transmission around the 2 um wavelength region. It should be

noted that the Fresnel reflections of the glasses are included in the transmission spectra.
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Fig. 4.5: Optical transmission spectra of Dy3*-doped borate glass samples with different
concentrations.

Fig. 4.6 shows the X-ray diffraction (XRD) measurement result of the Dy75 glass at room
temperature. The broad diffraction with no peaks associated with any crystalline phase verifies

the amorphous nature of Dy75.

A
80

20 40 60
20 (deg)

Fig. 4.6: XRD measurement result forthe Dy75 glass.
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Again, a Metricon Model 2010 prism coupler was used to measure the refractive indices of all
5 samples (Dy40, Dy50, Dy60, Dy65, Dy75) at 633, 816, 1305, 1555 nm. Fig. 4.7 shows the
refractive indices of Dy3*-doped glasses at different wavelengths. It is clear that the refractive
index increases with the increased concentration of Dy3*. The refractive index dispersion of a
glass can be described by Cauchy equation. A, B, and C the coefficients of Cauchy equation,

which can be obtained by fitting the experimental data and are shown in Table 4.2.
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Fig. 4.7: The refractive indices of Dy3*-doped borate glasses measured at 633, 816, 1305, and
1555 nm and the fitting curves with Cauchy equation.

Table 4.2: Coefficients of the Cauchy equation for Dy3*-doped borate glasses

Samples A B (10%) C (109)
Dy40 1.6290 1.4030 -1.7133
Dy50 1.6926 1.4675 -1.8062
Dy60 1.7355 1.5420 -1.8202
Dy65 1.7922 1.6889 -2.2877
Dy75 1.8142 1.4961 -1.5344
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The refractive indices of the Dy3*-doped borate glasses as a function of Dy3* concentration at

633, 816, 1305, 1555 nm are plotted in Fig. 4.8. The refractive indices increase linearly with

the increased Dy3* concentration for all the four wavelengths and their slopes were found to be

close, ranging from 0.00190 to 0.00187, which were obtained by fitting the experimental data

to line.
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Fig. 4.8: The refractive indices of the Dy3*-doped borate glasses as a function of Dy3*
concentration at (a) 633 nm; (b) 816 nm; (c) 1305 nm; (d) 1555 nm.
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4.4 Experiment, result and discussion

The Verdet constants of the three glass samples were measured using the experimental setup
depicted in Fig. 4.9 which consists of a light source, a Glan-Thompson (GT) polarizer, an
achromatic half wave plate, a solenoid, a Wollaston polarizer, and two photodetectorsto measure
the power of the S-polarized and P-polarized light. Linearly polarized light with a polarization
extinction ratio of more 30 dB is achieved witha GT polarizer. The plane of the polarized light
can be adjusted by a half-wave (A/2) plate so that it is at an angle of 45° as the light goes through
the MO glass in the absence of a magnetic field and arrives at the Wollaston polarizer, which can
separate the S and P polarized light equally. When a magnetic field is applied to the MO glass
by the solenoid, the plane of the polarized light rotates. The rotation angle can be calculated from
the power of S and P polarized light measured by the two photodetectors. The measurement
resolution of the setup for Faraday rotation was higher than 0.01°. The Verdet constant can be
calculated from the change in rotation angle of the linearly polarized light, the applied magnetic

field, and the glass length with following equation.

8 =V=H(6)
H=dez(7)

Where 0 is rotated angle, V is Verdet constant and H is defined as the integration of magnetic

flux over the length of the sample.
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Fig. 4.9: The schematic of the experimental setup for the Verdet constant measurement.

To make it clearer how to find 8, the following equations were used:

P.,. = P,cos?0 (8)

P, = Ppsin?0 (9)

P
0 =tan"! \/; (10)
Pp

Where Pwot, Ps, and Pp are the total power, the power of S polarized light, and the power of P
polarized light respectively. The Wollaston polarizer seperates the two orthogonal linearly

polarized lights denoted as Ps, and Pp. Then two detectors measure their powers simultaneously.

Fig. 4.10 shows the Verdet constant measurement at 976 nm for 20 wt.% Ce3*doped germanate-

phosphate. The slope of the fitted line gives the Verdet constant.
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Fig. 4.10: Verdet constant measurement for 20 wt.% Ce doped germanate-phosphate glass at
976 nm.

The Verdet constant of 20 wt.% Dy3* doped germanate glass, 20 wt.% Ce3* doped germanate
phosphate glass, and 25 wt.% Th3* doped phosphate glass were found to be -7.85 rad/T/m, -6.80
rad/T/m, and -12.03 rad/T/m respectively. The Verdet constant of Th3* doped phosphate glass is
almost two times greater than Ce3* doped germanate phosphate glass and significantly higher
than Dy3*doped germanate glass. But since the Th3* is not transmitted in 2 pm, it can’t be used
for optical isolator and circulator in this wavelength area. Comparing Ce3* and Dy3* with the

same weight percent, shows that Dy3* doped glass has higher Verdet constant.

The Verdet constant of 25 wt.% Th3* doped phosphate glass was measured at 478 nm, 633 nm,
976 nm, and 1480 nm. According to the Van Vleck-Hebb single oscillator model for the MO

activity of paramagnetic rare earth ions, the Verdet constant can be expressed as below:
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V=

(11)
22— 22

Where, A is a wavelength independent constant, and Ao is the effective transition wavelength of

the rare earth ion.
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Fig. 4.11: The Verdet constant of Th3* doped phosphate glass at different wavelengths. Fitted
curve is based on Van Vleck-Hebb single oscillator model.

Based on the Van Vleck-Hebb single oscillator model the effective transition wavelength was

found to be 235 nm, which is in the same range as other works have reported[112].

The Verdet constants of the Dy3*-doped glasses with different concentrations were measured at
478, 633, 976, 1480, and 1950 nm and are shown in Fig. 4.12Error! Reference source not
found.. It is clear that the Verdet constants increase with increased concentration of Dy3*, which
is due to the fact that V is proportional to paramagnetic susceptibility, which is linearly
proportional to the ion concentration. The Verdet constants at all five wavelengths show a linear
behavior as a function of Dy3* concentration. The R2 of linear fits were found to be between 0.99

t0 0.98.
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Fig. 4.12: Verdet constants of the Dy3*-doped borate glasses with different concentrations
measured at 478, 633, 976, 1480, and 1950 nm. Inset shows the results at 1480 and 1950 nm in
a small scale.

The Van Vleck-Hebb single oscillator model for the MO activity of paramagnetic rare earth

ions can be written in terms of the inverse of the Verdet constant as a function of A2:
1 2 2
v= a(?\ —)\0)(12)

Here, a is a wavelength independent constant, and Ao is the effective transition wavelength of the
rare earth ion. The inverse of the VVerdet constant as a function of A2 for the Dy40, Dy50, Dy60,
Dy65, and Dy75 is plotted in Fig. 4.13. The experimental results are in good agreement with the
Van Vleck-Hebb model in the visible and short-wave near-infrared. As the wavelength enters
the long-wave near-infrared, the reciprocal of the measured Verdet constant no longer follows a

linear increase with A%2. Similar behavior has also been observed in several other MO materials

including Dy3*-doped ceramic, terbium gallium garnet (TGG), terbium scandium aluminum
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garnet crystals (TSAG), and cerium fluoride (CeF3)[105,113,114].. Therefore, the Van Vleck-

Hebbs single-oscillator model is only valid over a certain short wavelength range and becomes

inaccurate for longer wavelengths, as expected for a single oscillator model.

The effective transition wavelength Ao and the constant a for the Dy3*-doped glasses can be
obtained by fitting the experimental results at the visible and short-wave near-IR with the Van
Vleck-Hebb single oscillator model as shown in Fig. 4.13. The effective transition wavelength

was found to be o= 178 nm. The Ao of the single-oscillator model for the paramagnetic rare earth

ions is related to 4f " — 4f "15d and could vary slightly in different host materials. For example,
the transition wavelength of Dy3*in CaF2 crystal is 170 nm [115], those of Dy3*: LiYF4, Dy%*:
YFs, and Dy3*: LaFS are 191 nm, 154 nm, and 154 nm, respectively [116]. The a coefficients
were found to be - 0.06495, -0.04381, -0.03678, -0.02543, and -0.01963 (T-m)/(rad-pum?), for
Dy40, Dy50, Dy60, Dy65, Dy75, respectively with the R2 of 0.99 for all five samples, within
the range of linear behavior. It is clear that the a coefficient decreases as the concentration

increases.
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Fig. 4.13: Inverse of the Verdet constant as a function of squared wavelength for Dy40, Dy50,
Dy60, Dy65 and Dy75. Inset shows the experimental data and fitted lines at a squared

wavelength range of 0-1 um2.

The Verdet constants of Dy40, Dy50, Dy60, Dy65, and Dy75 at 478nm, 633 nm, 976 nm,
1480nmn, and 1950 nm is shown Fig. 4.14. The Verdet constants of Dy75 at 478nm, 633 nm,

976 nm, 1480nmn, and 1950 nm were found to be about -240 rad/T/m, -128 rad/T/m, -56

rad/T/m, -12 rad/T/m, and -8 rad/T/m respectively.
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Fig. 4.14: The Verdet constants of Dy40, Dy50, Dy60, Dy65, and Dy75 at 478nm, 633 nm,
976 nm, 1480nmn, and 1950 nm.

The Verdet constants of 40 and 50 wt.% Dy20O3 doped phosphate glasses are also shown in Fig.

4.15. The Verdet constant of 40 wt.% Dy>O3doped phosphate at 478 nm is about -75 rad/T/m
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Fig. 4.15: The Verdet constants of 40 and 50 wt.% Dy2O3zdoped phosphate glasses at different
wavelengths.
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In conclusion, highly Dy3*-doped multicomponent glasses were fabricated and their magneto-
optical properties were studied. The refractive index measurement results indicate that the
refractive index increases linearly with the increased Dy20s3concentration. It was found that the
measured Verdet constants of Dy3*-doped glasses are in a good agreement with the Van Vleck-
Hebb model in the visible and short-wave near IR region and are smaller than the modeling
results at longer wavelengths. Nevertheless, a Verdet constant as high as -7.94 rad/T/m at 1950
nm was measured with a 75 wt.% Dy3* doped borate glass which is the highest number reported
for a paramagnetic glass at this wavelength. Our experimental results show that highly Dy3*-

doped oxide glasses are promising amorphous MO materials in the 2 um wavelength region.
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Chapter 5 Magneto Optical Properties of New Chalcogenide Glasses

5.1 Introduction

As it was discussed in the previous chapter, Magneto-Optical (MO) materials have attracted a lot
of attention due to their extensive applications in optical switches, isolators, circulators,
modulators, security encoding and sensing components [99,101,117]. In particular, optical
isolators and circulators are highly needed in optical systems to protect upstream devices from
the influence of the backward propagated light or force the light to propagate unidirectionally

[118].

Generally, MO materials can be categorized into diamagnetic materials and paramagnetic
materials. Rare-earth doped glasses are paramagnetic materials, which are highly temperature
dependent[119] and thus cannot work steadily and consistently in a harsh environment. High
Verdet constant of a paramagnetic glass can generally be achieved with increasing the doping
concentration of rare-earth elements. But it also leads to deterioration in the chemical stability
and optical transmittance. Undoped glasses are diamagnetic materials, which usually have a very
low temperature dependence [119]. Oxide glasses have been extensively used in the visible and
near-infrared (IR) wavelength regions and their MO properties have also been studied. However,
the Verdet constants of oxide glasses are usually low. For example, silica glass has a Verdet
constant of 57 deg/T/m in 1064 nm[120] and even for zinc-tellurite glass, V is about 570 deg/T/m
at 1 um[121]. Moreover, the short multi-phonon IR absorption of most oxide glasses also limit
their applications in the mid-IR. Compared to oxide glasses, chalcogenide glasses have much
longer multi-phonon IR absorption edge and have been made into optical components and optical

fibers for a variety of mid-IR applications. Due to their large refractive index dispersion,
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chalcogenide glasses also exhibit attractive MO properties. For instance, the Verdet constant of
GesszAs12Sess was measured to be 806 deg/T/m at 1550 nm and that of 75GeS2-25Ga»>S3z was
measured to be 831 deg/T/m at 1340 nm[122,123]. Both of them are much larger than that of
zinc-tellurite glass at the two wavelengths. By incorporating some large atoms to increase the
polarizability, Verdet constants of 1080 deg/T/m and 1197 deg/T/m at 1319 nm were measured
in  80GeS220Sh2Ss and 60GeS2-151n2S3-25Pbl2,  respectively[124,125]. Therefore, a
chalcogenide glass with improved MO properties in the mid-IR may be synthesized by
introducing large atoms that can lead to high polarizability and long absorption edges. Here, we
present the MO properties of Te20As30Seso, which has a multi-phonon IR absorption edge of 18
um and a bandgap short-wavelength absorption edge of 1200 nm. Compared to the other
chalcogenide glasses, such as GeioSego, and GezsAsi15Seo, Te20As3z0Seso glass has much higher
Verdet constant at near-IR and mid-IR wavelength due to its smaller electronic bandgap. Verdet
constants of 1300 deg/T/m and 870 deg/T/m were measured at 1555 nm and 1950 nm,
respectively, which are the highest reported Verdet constants of diamagnetic materials in the
mid-IR, to the best of our knowledge. The Figure of Merit (FOM) of the the Te20As30Seso was
measured to be more than 500 deg/T at 1950 nm, which makes it a promising material for MO

applications.

5.2 Glass preparation and experimental setup

Glasses from the Te-As-Se [126], Ge-Se [127] and Ge-As-S [128] systems were selected due to their
technological relevance for the production of advanced infrared optics such as single mode fibers, non-
linear devices or supercontinuum generation. Specific compositions were selected for their excellent glass-
forming properties and potential for very low loss fiber fabrication [129]. Three chalcogenide glass

samples were synthesized by the melting quench method starting from high purity raw elements Ge (5N),

128



As (6N), S BN), Se 6N) and Te (BN). Stoichiometric amounts of different glass compositions were
weighed in a glove box under argon and introduced in silica tube under vacuum (106 mbar) before sealing
the ampoules. The melts were homogenized in arocking fumace for 10 hours between 800°C-850°C and
the temperature was subsequently lowered to 600-650°C in 2 hours before quenching the ampoules in
water at room temperature. The ampoules were then readily introduced in an annealing oven preheated at
10°C below the glass transition temperature (Tg) for 5 hours, then the ampoules were slowly cooled down

to room temperature at 0.5°C/min.

The optical near-IR and IR transmision of the three glasses were measured at room temperature using a
Cary 5000 UV-Vis-NIR Spectrometer and aBruker Tensor 27 FTIR spectrometer, respectively. Fig. 5.1
shows the optical transmission loss spectra of Tex0Asz0Seso, GewoSes, and GexsAsisSeo, Which were

calculated from the measured optical transmission spectra of the glass samples with different lengths.
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Fig. 5.1: Optical transmission loss spectra of Te20As30Seso, Ge1oSego, and GezsAs15Seo. The
crossing point of two dashed lines show the bandgap absorption edge.
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All three glasses have a low absorption in the region near 2 um. The bandgap absorption edge, A*, of a
glass is related tothe energy gap between the valence band and the conduction band and is determined by
the crossing point of the two tangent dashed lines, as shown in Fig. 5.1. The bandgap absorption edges of
TenAss0Seso, GeioSego, and GezsAsisSeo were found to be 1200, 780, and 592 nm, respectively. Clearly,
Te20Asz0Seso glass has amuch longer bandgap absorption edge than Ge1oSeso, and GezsAsisSeo due to the
large tellurium atom.

Fig. 5.2 shows the IR transmission spectra of all three glasses from 1 pm to 20 um. The transparency
window of TexoAsz0Seso is extended up to 18 um, while that of GeioSegoand GezsAsisSeo is only extended
up to 16 pm and 11 pm, respectively. The longer IR absomption edge of Te20Ass0Seso is due to the heavy

atom of tellurium.
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Fig. 5.2: IR transmission spectra of Te20As30Ses0, Ge10Sego, and Ge2sAs15S60.

The Verdet constants of the three glass samples were measured using the experimental setup

depicted in Fig. 5.3 which consists of a light source, a Glan-Thompson (GT) polarizer, an
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achromatic half wave plate, a solenoid, a Wollaston polarizer, and two photodetectorsto measure
the power of the S-polarized and P-polarized light. Linearly polarized light with a polarization
extinction ratio of more 30 dB is achieved witha GT polarizer. The plane of the polarized light
can be adjusted by a half-wave (A/2) plate so that it is at an angle of 45° as the light goes through
the MO glass in the absence of a magnetic field and arrives at the Wollaston polarizer, which can
separate the S and P polarized light equally. When a magnetic field is applied to the MO glass
by the solenoid, the plane of the polarized light rotates. The rotation angle can be calculated from
the power of S and P polarized light measured by the two photodetectors. The measurement
resolution of the setup for Faraday rotation was higher than 0.01°. The Verdet constant can be

calculated from the change in rotation angle of the linearly polarized light, the applied magnetic

field, and the glass length with following equation.

V—e 1
—ﬁ()

Where, 6 is the angle of the linearly polarized light rotated by the solenoid, B is the magnetic

flux of the solenoid, and L is the glass length.
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Fig. 5.3: The schematic setup for Verdet constant measurement.
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5.3 Result and discussion

The Verdet constants of the three glasses were measured at 1240, 1476, 1555, and 1950 nm and are shown
in Fig. 5.4. Clearly, compared to GexsAsi5Se0, and GeioSeso glasses, TexoAs0Seso glass has much larger
Verdet constant due to the longer bandgap absorption edge. Based on the model of single oscillator with
anarrow band resonance wavelength, the wavelength dependence of Verdet constant can be written as a

simplified Borrelli equation as [111]:

CA?

V=——"7(2)
(-3

Where V, A, and Ao are the Verdet constant, the wavelength of the light, and the average resonant
wavelength of the material, respectively. C is a wavelength independent constant that includes the Landé
factor, the velocity of light, the Planck constant, and the effective transition probability.

The Cand Ao for each glass can be found by fitting the experimental results with equation (2) as shown by
the dashed curves inFig. 5.4 . The C and Ao of Te20AssoSeso were found to be 0.1079 deg-T--mt-nm? and
400 nm, respectively. For GeioSego, C and Ao were found to be 0.1517 deg-Tmlnm?2 and 300 nm,
respectively. For GexsAsisSeo, C and Ao were found to be 02041 deg-Tmnm? and 250 nm,
respectively. Because the average resonance wavelength of TexAssSeso is longer than that of
GezsAs15560, and GeoSego, a Verdet constant of 870 deg/T/m at 1950 nm is much larger than 229 deg/T/m
and 374 deg/T/m of two germanium-based chalcogenide glasses. It is also the highest Verdet constant of

glass materials that has been reported in the 2um region, to the best of our knowledge.
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Fig. 5.4: Verdet constants of the three glasses measured at 1240, 1476, 1555, and 1950 nm. The
dashed lines are the fitting curves.

Previous studies have shown that the Verdet constants of diamagnetic glasses at A >> Ao always
increase with the increased bandgap absorption edge [122,125]. This can be verified by our
experimental data. The measured Verdet constants of Te20As30Seso, Ge2sAS15Se0, and Ge1oSego
glasses measured at 1240, 1476, 1555, and 1950 nm were plotted versus the squared bandgap
absorption edge and are shown in Fig. 5.5. All the measurement data at the four wavelengths
can be fitted with linear curves, indicating that the Verdet constant is approximately proportional

to A*°, which is in agreement with previous observation reported by Jianrong et al.[130].

Therefore, synthesizing diamagnetic glass with a long bandgap absorption edge is an effective

method to achieve a high Verdet constant in the mid-IR.
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Fig. 5.5: Verdet constants of the three glasses were plotted at the A" for the light wavelengths
of 1240, 1476, 1555, and 1950 nm.

In addition to large Verdet constant, very low loss is also a desired feature of a MO material. The

performance of a MO material is usually evaluated by FOM, which is defined as:
FOM =~ (3)

Where V and o is the Verdet constant and optical transmission loss, respectively. FOM of all three glasses
were calculated with measured optical transmission loss and the Verdet constants shown in Fig. 5.6 and are
shown in Fig. 5.6. Itis clear that the FOM of Te2Ass0Seso is significantly higher than that of the other two
glasses at 1700 - 2100 nm, indicating that Te20Ass0Seso IS a very promising diamagentic material for MO
applications in the 2 um wavelength region. Similar to the general feature of FOM for other materials, the
FOM of TexoAssoSeso is very small at short wavelengths close to the bandgap absorption edge due to the
large absomption. Because the bandgap absorption always decreases with the increasing wavelength in

undoped glasses, the FOM increases as the wavelength goes to longer wavelengths. A maximum FOM of
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500 deg/T is obtained at 1905 nm because the Verdet constant also decreases with the increasing
wavelength as shown in Fig. 5.4. The FOM beyond 1905 nm decreases with the increasing wavelength
because the Verdet constant decreases more rapidly than the optical transmission loss. The FOM of
Ge1oSeg exhibits similar features and has a maximum value of 212 deg/T around 1440 nm. Because the
bandgap absorption edges of GezsAsi5Seo is 592 nm, which is far from the measurement range of 1200-

2100 nm, the FOM continuously decreases with the increasing wavelength.

600 T T T T
@ Te20As30Se50
500 || @ Ge10Se9 ~ 9
Ge25As15560 s -
’ \
P LN
A400 y . .
= ’ 4
(o] Ve
$300 ”
E Ve
o) _ - ]
LL 200 .
2 o
~
100 4 S~
P S~ 9 -
-
0 e
1 1 1 1
1200 1400 1600 1800 2000

Wavelength (nm)

Fig. 5.6: FOMs of Te20As30Seso, Gez2sAsi5Seo, and GeioSego glassesas a function of the
wavelength. The solid dots show the measured FOM.

Aio etal. measured the refractive index of Te20Assz0Sesoin mid IR range[131]. As shown in Fig.
5.7. the black squares are the data measured by Aio et al. and Cauchy formula was used to fit the

data. The Cauchy coefficients are shownin Fig. 5.7.

Based on the classical electromagnetism theory, the Verdet constant is related to the dispersion

of refractive index[132]:
V=
=GNtz @)
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Where e, m, ¢, v, and Z—Z are electron charge, electron mass, speed of light, magneto optical

anomaly factor, and the optical dispersion of the glass respectively. The magneto optical
anomaly factor is a function of wavelength and it increases with wavelength for almost all known
materials[132]. High value for y factor (close to unity) shows predominantly ionic bonding and
as it deviates from unity, indicates covalent bonding. The following formula was used to find

y factor:

2mc) “dA
Where V is the Verdet constant obtained from equation (1) for the tellurium based glass. The
inset of Fig. 5.7 shows y factor as a function of wavelength. As it was expected y factor shows
that the nature of bonding in chalcogenide glasses are covalent bond. y factor also decreases with

increasing wavelength.
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Fig. 5.7: Refractive index of Te2As3Ses glass measured by Aio et al. and the dashed line is
fitted Cauchy equation. Inset shows the magneto optical anomaly factor as a function of
wavelength.
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In conclusion, TexoAssoSeso, GezsAsisSeo, and GeoSego glasses were fabricated and their MO properties
were measured and analyzed. The bandgap absorption edge and IR multi-phonon absorption edge of
Te2oAss0Seso glass were measured to be 1200 nm and 18 pm, respectively. The Verdet constants at 1555
nm and 1950 nm were measured to be 1300 deg/T/m and 870 deg/T/m, which are much larger than other
chalcogenide glasses. The FOM was found to be more than 400 deg/T at the 2 um wavelength region. All

these results show that TexAsxSeso glass is a very promising MO material with low temperature dependence

for mid-IR applications.
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Chapter 6 Summary and Prospect

6.1 Blue Laser Fiber Amplifier

In this work, the single-frequency blue laser all-fiber amplifier was demonstrated for the first
time with more than 150 mW continuous-wave ,single frequency and single-transverse-mode
blue laser output by pump power of 2 W at 1125 nm. The effect of lasing at 783 on blue laser
was demonstrated for the first time. We also showed that the effect of photodarkening is not
uniform across the fiber and the role of infrared emission is more significant than blue emission
in photodarkening. A single-mode fiber amplifier operating at 478 nm was also demonstrated for
the concept of blue diode laser oscillator and fiber power amplifier for underwater optical
communication system. About 240 mW continuous-wave output signal power was obtained at
478 nm, with 3 W pump laser operating at 1125 nm and then output power began to decrease due
to the onset of the 800 nm emission. The net gain amplifier was found to be about 9.2 dB with

9% slope efficiency.

In order to enhance the output power of blue laser fiber amplifier, 800 nm emission needs to be
suppressed. Using a double clad Tm3* doped ZBLAN fiber in which the outer cladding was d oped
with Nd3* was used. It was observed that, 800nm emission was partially suppressed, but not
completely. So, an optimum Nd3* doping level needs to be investigated to enhance the blue
emission output. Bending fiber experiment also showed the possibility of suppressing 800 nm
lasing. A new fiber design can be investigated with leaky mode for 800 nm emission and guided
mode for blue emission to suppress the competitive mode. Photodarkening is also a major
limiting factor for further power scaling and long-lived operation of Tm3*-doped ZBLAN fiber

amplifiers. Photodarkening in a Tm3*-doped ZBLAN fiber amplifier can be effectively mitigated
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by optimizing the Tm3* concentration and the pump power density to reduce the further excited -
state excitation from 1Gato higher states, and co-doping the fiber core with other elements such
as cerium and lanthanum, which serve as traps for free electrons or holes so that the creation of
color centers can be inhibited. Further power scaling can also be achieved with more stages of
fiber amplifiers with very large core gain fibers. Since a 150 mW output power from first stage
amplifier with 10 dB gain was obtained, the second stage amplifier can increase the output power
to 1.5 W with 10 dB gain, but an optimum length of second amplifier needs to be investigated.

Fig. 6.1 shows a schematic setup of two stages fiber amplifiers for blue laser.

Band pass filter
Seed laser sconp WDM WDM
780HP 460HP__ g 780HP I
—

10 m Tm-ZBLAN X m Tm-ZBLAN

Pump laser Pump laser

Fig. 6.1: Two stages fiber amplifiers to increase the output power.

6.2 Tm3* doped fluoride fiber laser at 785 nm

An all-single-mode fiber Tm3*-doped ZBLAN laser operating at 785 nm was developed and an
output power of about 0.5 W was obtained at a pump power of 8.7 W. A maximum slope
efficiency of 17.8 % was obtained with the 3-m fiber as the pump power exceeded 7 W. The
overlap between pump, laser, and fiber core was not optimized in the gain fiber. So a new fiber
design with higher filling factor is desirable to increase the efficiency and output power. Another

major obstacle in this work was high absorption of laser by the gain medium. A new pumping

139



scheme as shown in Fig. 6.2 can deplete the ground state more effectively. Consequently, it

increases the efficiency and output power.

1210
T @ R
-—-\-\ —

X m Tm-ZBLAN

Residual pump

1125 nm pump

Fig. 6.2: Dual wavelength pumping schemes for 785 nm fiber laser

6.3 Magneto optical properties of Dy3* doped glasses and chalcogenide glasses

In this work, highly Dy3*-doped glasses were fabricated and their magneto-optical properties
were studied. The refractive index measurement results indicate that the refractive index
increases linearly with the increased Dy203 concentration. It was found that the measured Verdet
constants of Dy3*-doped glasses are in a good agreement with the Van Vleck-Hebb model in the
visible and short-wave near IR region and are smaller than the modeling results at longer
wavelengths. Nevertheless, a Verdet constant as high as -455 deg/T/m at 1950 nm was measured
with a 75 wt.% Dy3* doped borate glass which is the highest number reported for a paramagnetic

glass at this wavelength.

Three different chalcogenide glasses namely, Te20As30Seso, Ge2sAs15Se0, and Ge1oSego were also
fabricated and their MO properties were measured and analyzed. The bandgap absorption edge
and IR multi-phonon absorption edge of Te20As30Seso glass were measured to be 1200 nm and

18 um, respectively. The Verdet constants at 1555 nm and 1950 nm were measured to be 1300
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deg/T/m and 870 deg/T/m, which are much larger than other chalcogenide glasses. The FOM
was found to be more than 400 deg/T at the 2 um wavelength region. All these results show that

Te20As30Seso glass is a very promising MO material with low temperature dependence for mid-

IR applications.

One of the most important applications of magneto optical glasses, is to fabricate all fiber
isolator. The main component of an all fiber isolator is the Faraday rotator. The Faraday rotator
needs to rotate the linearly polarized light for 45 degrees. Since the Verdet constant in long
wavelength decreases significantly, the role of magnet is very important. The strongest magnetic
tube, feasible to fabricate based on the different companies that have been contacted is a
magnetic tube with 240 mm outer diameter, 10 mm inner diameter, and thickness range from 20

mm to 50 mm. Based on the mentioned dimension and using Nd52 grade, the magnetic field was

calculated as shown in Fig. 6.3.
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Fig. 6.3: Magnetic field distribution of cylindrical N52 magnets with 5mm inner radius, 120

mm outer radius and thickness of 20 mm.

The rectangular box shows the inside of magnetic tube. As it can be seen the magnetic field out
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of magnetic tube is negative.

Faraday rotation as function of thickness of magnetic field for Dy75 glass was simulated as
shown in Fig. 6.4. To get 45 degrees rotation just in one magnetic tube, the thickness must be
around 25 cm, but with two magnetic tubes of 6.2 cm as marked in Fig. 6.4, and a good magnetic
shield, a Faraday rotator with a length of 14 cm can be built. Therefore, a shorter Dy fiber is

needed.
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Fig. 6.4: Faraday rotation as a function of thickness of magnetic tube for Dy75 glass.

Faraday rotation as function of thickness of magnetic field for Te20As30Ses glass was simulated
as shown in Fig. 6.5. dueto high Verdet constant of Te20As30Ses glass, a magnetic tube with a
thickness of 8 cm is enough to obtain 45 deg rotation. The disadvantage of chalcogenide fibers

is that they are not able to handle high power.
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