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ABSTRACT 

 

 

YUANYE LIU.  Index-antiguided planar waveguide lasers with large mode area.  (Under 

the direction of DR. TSING-HUA HER) 

 

 

The on-going research and application interests with high power large-mode-area 

(LMA) waveguide lasers, especially in fiber geometry, at the beginning of this century 

drive the development of many novel waveguide designs. Index antiguiding, proposed by 

Siegman in 2003, is among one of them. The goal for index antiguiding is to introduce 

transversal modal loss with the relative simple waveguide design while maintain single 

transverse mode operation for good beam quality. The idea which is selectively support of 

fundamental mode is facilitated by involving certain level of signal regeneration inside the 

waveguide core. Since the modal loss is closed associated with waveguide design 

parameters such as core size and refractive index, the amount of gain inside the core 

provides active control of transverse modes inside index-antiguiding waveguide. For 

example, fundamental transverse mode inside such waveguide can be excited and 

propagate lossless when sufficient optical gain is provided. This often requires doped 

waveguide core and optical pumping at corresponding absorption band.   

However, the involvement of optical pumping also has its consequences. 

Phenomena such as thermal-optic effect and gain spatial hole-burning which are commonly 

found in bulk lasers request attention when scaling up output power with LMA  index-

antiguided waveguide amplifiers and resonators. In response, three key challenges of 

index-antiguided planar waveguide lasers, namely, guiding mechanism, power efficiency 

and transverse mode discrimination, are analyzed theoretically and experimentally in this 

dissertation. Experiments are based on two index-antiguided planar waveguide chips, 
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whose core thickness are 220 µm and 400 µm respectively. The material of waveguide core 

is 1% Neodymium-doped Yttrium Aluminium garnet, or Nd:YAG while the cladding is 

made from Terbium Gallium garnet, or TGG.  

Due to the face pumping and limited pump power, it is found, with 220 µm-thick-

core chip, that the guidance of the fundamental transverse mode along two orthogonal 

directions in a transverse plane is different. Along the bounded direction, index antiguiding 

prevails with negligible thermal refractive focusing while along the unbounded direction, 

the lasing mode is guided by thermal refractive focusing with negligible quadratic gain 

focusing. It is also founded that the quadratic thermal focusing will dominate the mode 

guidance in 220 µm chip with the help of additional pump. All these discovery calls for an 

active thermal control.  

The modal discriminative loss, though beneficial for transverse mode control, yet 

reduces the lasing efficiency. To model it, a 3-D lasing output power calculation model is 

developed based on spatial rate equations. The simulation results show good agreement 

with experiment data where slope efficiency curve are measured using multiple output 

couplers. The 10% slope efficiency with respect to incident pump power is the highest 

slope efficiency recorded in index-antiguided waveguide continuous-wave lasers. The 

model indicates more efficient pump absorption can facilitate further power scaling.   

The role of the modal discriminative loss in transverse mode competition is 

discussed. A theoretical model based on Rigrod analysis and spatial hole-burning is 

developed. The simulation shows reasonable agreement with experiment results in both 

chips. The single fundamental mode operation up to 10 times above the lasing threshold 

for 220 µm chip is achieved, which is limited by the incident pump power. However, as 
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the core size increases, the modal distributed loss due to the index antiguiding is found to 

be less effective in transverse mode control. Other modal loss is needed to facilitate the 

suppression of higher-order modes. Based on the model, a strategy is proposed aiming to 

maximize the single mode output. It is also noted that the transverse mode competition 

model is also suitable for other lasers system with well-defined modal loss.  

Based on the models and experiment data, the index-antiguided planar waveguide 

lasers are proved to be capable of maintaining large-mode-area single transverse mode 

operation with the potential of power scaling. However, it is also shown that proper 

waveguide design is essential. The remaining challenges are the material choices for 

waveguide fabrication, especially for high power applications.   
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 INTRODUCTION 

 

 

1.1 Dielectric planar waveguide lasers 

1.1.1 Introduction 

Since the invention in 1960s, lasers have been transformed from ñtoysò in 

laboratory to ñlaborò in industrial by on-going efforts of increasing the output power and 

efficiency. Among all types of lasers, solid-state lasers have experienced significant 

improvement in terms of output power at the beginning of this century. Largely due to the 

advance of infrared semiconductor lasers as pump source [1], continuous-wave solid-state 

lasers with 1 W to 2 kW output power have been routinely demonstrated in rod, slab and 

disk geometries [2, 3]. To further increase the output power, temperature and propagation 

loss need to be properly managed. There are two major approaches to achieve this goal: 

optical fiber and thin disk, the schematic of which are shown in Fig. 1-1.  

 

 

 

 

 

 

 

Figure 1-1. Schematic of disk, rod and fiber geometry. 

 

Disk

Rod
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For the former one, the length of the rod-shape gain media is reduced to several 

hundred micro meters, which is referred as thin-disk laser [4]. The interaction length 

between gain media and laser signal is short. Such short distance renders the thermal optical 

effects along the optical direction irrelevant. However, it also reduces the single-pass pump 

absorption leading to a low single-pass gain. Sophistic pump beam path design is required 

to solve this issue. Another design is to prolong the rod. With the help of waveguide effect, 

low loss propagation is possible in optical fibers where the doped core can be as long as 1 

km [5]. The interaction between gain media and lasing signal, in fiber geometry, is 

substantially longer than in disk geometry. The dielectric planar waveguide is, however, 

combining both fiber and disk design: provide optical confinement along one transverse 

direction while remaining thin along another transverse direction.  

Conventional step-index dielectric planar waveguide is illustrated in Fig. 1-2. As 

illustrated, 3 layers of material are used. Typically, the center layer formed by optical 

denser material is referred as waveguide core while two surrounding layers formed by 

optical rarer material are referred as waveguide cladding. The guiding effect provided by 

the total internal reflection tends to confine light signal inside the core. 

 

 

 

 

 

 

 

Figure 1-2. Schematic of planar waveguide. 
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When the core is doped and properly pumped, optical amplification of certain 

wavelength is achieved. The spatial overlap between pump and lasing profile due to optical 

confinement helps to increase the gain, promising a high power efficiency. The large 

surface to volume ratio helps to conduct heat towards the heat sinks which is commonly 

attached to the cladding surface. 

In this dissertation, the dielectric planar waveguide is used as gain media and 

optical confinement platform for lasing study. In combination of novel guiding technology, 

namely index antiguiding, the planar waveguide laser is assembled with plane-plane cavity 

and continuous-wave (CW) lasing is achieved. Output power, lasing modes are analyzed 

theoretically and experimentally.  

1.1.2 Fabrication of dielectric planar waveguide  

The fabrication methods of dielectric planar waveguide are grouped into two 

categories: attach or grow two dissimilar material and induce refractive index variation of 

bulk material [6, 7].  

Techniques used for crystal growth have been applied to the fabrication planar 

waveguides. Lasing operation based on planar waveguides which are fabricated by 

epitaxial growth methods such as liquid phase epitaxial (LPE) [8], vapor phase deposition 

using pulsed laser deposition (LPD) [9] and molecular beam epitaxial (MBE) [10] have 

been demonstrated. The major advantage for such techniques is the capability to grow 

single crystalline structures. The optical loss is sequentially smaller than its polycrystalline 

relatives [6]. Meanwhile, the single crystalline structure inherently provides good thermal 

conductivity, benefiting the laser operation and power scaling effort. Chemical vapor 

deposition, for example plasma enhanced chemical vapor deposition (PECVD) [11, 12], is 
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also reported for planar waveguide fabrication. However, the choice of the waveguide 

material is limited to particular combinations [12], limiting waveguide design. Physical 

methods, for example sputter [2, 3], are also reported to fabricate dielectric waveguides.  

Another method for waveguide fabrication is based on already growth material, 

such as contact bonding [13-16] and diffusion bonding [17]. The idea for these methods 

are to use van del Waalsô force to hold core and cladding together. To achieve good 

bonding, the contact surface needs to be treated to have excellent surface finish. Such 

requirement increases fabrication tolerance on polishing and cleaning processes. Compared 

with previously mentioned epitaxial growth methods, contact and diffusion bonding can 

provide both large core size (up to 200 µm) waveguides and low optical loss with smaller 

cost [18-20].  

Besides, optical waveguides can also be fabricated by alternating the refractive 

index inside a bulk material. Methods such as ion-exchange [21, 22] and thermal ion 

indiffusion [23, 24] are proved to be effective to fabricate waveguides in doped crystalline 

material and glass material respectively. Following the on-growing interests in material 

processing, femtosecond laser written waveguides are demonstrated with most of the 

prevailing gain media such as Nd:YAG [25], Nd:YVO4 [26] and Yb:YAG [27].  

Among all these methods, material bonding is widely used to fabricate large core-

size planar waveguides for lasing operation, the reason of which can be briefly summarized 

as follow. Firstly, the typical refractive index step for waveguides fabricated with crystal 

growth methods is around 10-3 whereas the bonding methods are capable of fabricating 

waveguides with refractive index step as large as 0.1 [28]. Large refractive index increase 

the numerical aperture (NA), which is crucial when collecting divergent pump laser 
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(usually diode bar or strips). Secondly, even though the planar geometry itself is beneficial 

for heat management, the cladding material needs to possess excellent thermal properties 

in order to effectively remove residual heat for high power applications. It is possible that 

the material choices for the core and cladding prevent the usage of any crystal growth 

methods. For large-core-size waveguides in particular, the bonding methods are more 

flexible than the material growth methods.   

1.1.3 Pump scheme  

Optical pump is the only feasible approach to excite the solid-state amplifiers and 

lasers. Thanks to the rapid development of semiconductor lasers around infrared region, 

the efficiency and output power of solid-state lasers undergo rapidly development while 

cost drops dramatically. There are 3 pumping arrangements to efficiently excite the planar 

waveguide with a doped core as shown in Fig. 1.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-3. Schematic of pumping arrangements for planar waveguides. The red arrows 

indicate the direction of the pump light. The lasing takes place along the z-axis. 

 

 

Both end and side pumping are referred as in-plane pumping. The pump irradiance 

from a laser diode, in either bar or strip geometry, is coupled into waveguide core by 

cylindrical lens or simply by proximity coupling. Both pump irradiance and lasing signal 
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are confined by the waveguide. The interaction between pump and lasing is thus enhanced, 

promising a large gain and optimized power efficiency [28-31].  

For face pumping, on the other hand, the waveguide does not provide any guidance 

for pump irradiance. The unabsorbed pump radiance needs to be recycled in order to 

increase the absorption. For example, a custom designed chamber is effective in trapping 

the pump radiance [19]. With its help, the CW operation of a 400 µm-thick waveguide 

lasers was achieved with 150 W output power and 35% optical efficiency. 

1.1.4 Spatial mode selection 

In-plane pumping requires the NA of the waveguide to be large for effectively 

coupling pump laser into the core, resulting in a multimode waveguide design in the 

bounded direction. For the unbounded direction, there is no other mechanism to guide the 

lasing signal, leading to the multimode operation as well. Consequently, the output beam 

quality deteriorates when increasing the pump power. Facing with this challenge, various 

spatial mode control methods have been proposed. A brief summary is given in this section.  

The double cladding structures, where an additional pair of cladding are introduced, 

are used [32, 33] for spatial mode selection. The structure is inherently multimode and the 

doped core locates only in the central region of the waveguide. Different spatial modes 

experience different gain due to the overlap between pump profile and lasing profile in a 

given transverse plane. However, the refractive index difference between the inner and 

outer cores should be kept below the level at which the new waveguide is formed. 

Another technique referred as self-imaging is reported to successfully control the 

spatial mode along the bounded direction [34, 35]. Since the optical beam with certain 

spatial profile will reimage itself periodically after propagating a fixed distance inside the 
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step-index waveguide. As long as the waveguide is properly designed, this technique 

enables single fundamental mode operation of waveguide lasers with core size up to a few 

hundred micron meters [36, 37], which is one order of magnitude larger than what double 

cladding structure provides [28]. The conditions for lunching the pump and alignment are 

yet critical for self-imaging waveguides. Extensive effort in cavity alignment is therefore 

required.  

The external cavity design also provides spatial mode control for waveguide lasers 

whose core size can be as large as 200 µm. The waveguide modes tend to diffract in the 

region between cavity mirrors and waveguide facets. The diffraction is associated with 

modal orders [38, 39] and is used to selectively maintain single fundamental mode along 

both bounded and unbounded directions [18, 40] while suppress all other modes.   

1.2 Large-mode-area waveguide 

The confinement of light increase the optical intensity for signals inside the core. 

This is the case for single mode waveguide whose core size is on the order of 10 µm level. 

When optical power is high enough, nonlinear optical effects are triggered inside the 

waveguide core [25]. In fact, custom designed waveguide structures are able to provide 

low nonlinear threshold on purpose for effects such as second harmonic generation (SHG) 

[41, 42] and self-phase modulation (XPM) [26], which may be impractical otherwise. To 

increase the output power, however, nonlinear optical effects need to be mitigated and one 

of the approaches is employing large-mode-area (LMA) waveguide. 

1.2.1 LMA design  

Due to the rapid increasing of output power in cylindrical waveguide lasers, namely 

fiber lasers [43], most of the LMA waveguide designs are in fiber geometry, such as 
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photonics crystal fibers (PCF) [27], leakage channel fibers (LCF) [22] and large pitch fibers 

(LPF) [21]. The design goal of these waveguides is to maintain single fundamental 

transverse mode operation for excellent output beam quality, while increasing waveguide 

core size to reduce optical intensity. LMA designs are loosely grouped into two categories: 

increase modal propagation loss and delocalize modes.  

The easiest way to facilitate fundamental mode operation while suppressing higher-

order modes is to coil multimode step-index fibers. The conventional step-index fibers are 

subject to minimal NA which is 0.06 [23] imposed by the manufacturing process. The 

modal loss induced by bending helps strip out higher-order modes through cladding 

coupling [44]. It is, however, with the cost of distorted fundamental mode profile. 

The fiber can also be designed such that higher-order modes possess substantially 

higher propagation loss than the fundamental mode [45]. Examples can be found in air-

hole photonic crystal fibers [46, 47]. The geometrical arrangement of the air-hole in the 

transverse plane determines propagation characteristics of certain transverse modes. It 

provides flexibility in fiber design while sacrifices the level of ease in fabrication. The 

operation of photonics crystal fiber lasers is reported to be very efficient [46]. The slope 

efficiency for some cases is approaching the quantum defect efficiency indicating the 

extremely low loss [24].  

Another fiber design capable of providing modal discrimination is leaky channel 

fibers (LCF) [13]. The fiber is made from solid core with one layer of large air or solid 

holes. The destroyed total internal reflection (TIR) due to the gap between holes imposes 

propagation loss on all modes. Similar as PCF, the geometrical arrangement of holes is 

used to design the propagation loss [22].   
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Besides introducing loss to suppress higher-order modes, coupling them into 

cladding or other axillary structures also help facilitating single fundamental mode 

operation in LMA fibers. The representative for this design methodology is charily-

coupled-core (CCC) fibers. The helical satellite cores wrapping around the main fiber core 

[8], stripping higher-order modes once angular momentum conservations condition is met 

[48]. Commercial products aiming at industrial application based on 55 ɛm-diameter-core 

CCC fibers are available [14, 17]. The idea that higher-order modes are not located inside 

the core is referred as modal delocalization. 

Another method to delocalize higher-order modes is LPF [49]. The core design is 

similar as PCFs [50]. The spacing between adjacent holes is larger than their own diameters, 

leading to large penetrating of higher-order modes field into holed region. This design is 

widely used in femtosecond amplifiers [6, 10, 21], due to its excellent capability of 

reducing the pulse peak intensity. In addition, methods such as gain filtering [51] and 

tapped fibers [11] are also capable of supporting fundamental mode in LMA fibers.     

Extending the idea of increasing modal loss, index-antiguiding is firstly proposed 

by Siegman in 2003 [52], where refractive index of the core is smaller that of the cladding. 

Similar as LPF, all the modes propagating inside index-antiguided (IAG) waveguide are 

leaky. It has been reported that such structure, with the help of gain in the core, supports 

fundamental mode operation with up to 400 ɛm-diameter core [53].     

1.2.2 Historical review  

The theoretical background for IAG waveguides were proposed in 2003 [52]. It has 

been proved theoretically that a waveguide having larger refractive index in the cladding 

together with positive gain in the core region (doped material with proper excitation) is 
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able to support confined propagation modes. It was also referred as gain-guiding, index-

antiguided (GG-IAG) in literatures. Large-mode-area and single fundamental mode 

operation can be achieved by balancing the gain and loss.   

First experiment demonstration of IAG fiber was done in 2006 by researchers in 

CREOL [54]. The fiber core was made from Neodymium (Nd) doped phosphate glass 

(Kigre Q100, 10% w.t.), with the core diameter of 100 ɛm. The excitation method was 

chosen to be flash pumping to avoid thermal fracture. The far-field imaging showed a round 

and Gaussian shape intensity profile at pump power several times above threshold. 

Together with a small M2 parameter, it was determined that confined propagation of single 

fundamental mode is possible in IAG structure.  

First IAG fiber laser was demonstrated in 2007 [55]. Different planar output 

couplers, together with a fixed planar higher reflector, has been used in the experiments 

[53]. Due to its large core size, effort was devoted to cavity alignment. Otherwise, the 

oscillation of parasitic modes would prevail, deteriorating output beam quality. Single 

fundamental mode operation has been demonstrated with 200, 300 and 400 ɛm-diameter-

core IAG fibers. 

To further improve the output power, flash lamp pumping is replaced by diode 

pumping. However, thermal failure was found in end pumping scheme [56], forcing pump 

diode lasers working in quasi continuous-wave (QCW) mode. Even though face pumping 

and 200 W diode arrays were used [57], reported IAG fiber lasers have to be operated in 

gain switching mode.  

Beside conventional step-index fiber, double cladding 200 ɛm-diameter-core IAG 

fibers were also manufactured using conventional fiber drawing technique [58, 59]. The 
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dopant was chosen to be Ytterbium (Yb) which is widely used in high power laser 

oscillators and amplifiers. A D-shape inner clad design was used in the effort to increase 

the absorption of pump power. Experiment observation showed, however, roughly 1% 

amplification efficiency with Gaussian shape beams spot. Theoretical modeling of output 

power and efficiency of IAG fiber lasers and amplifiers were carried out [60-63]. The 

results suggested that multipoint distributed pumping and tapered cladding were effective 

in terms of avoiding the thermal failure and increasing power efficiency respectively. 

However, no direct experiment results echo the theoretical calculation.  

In conclusion, index-antiguiding in cylindrical waveguides have been proved to be 

capable of supporting single fundamental mode operation with a core diameter around 

hundreds of micro meters. In addition, it has been proved that the thermal effects need to 

be managed properly for further improvement of output power. It is also clear that the 

continuous-wave lasing has never been reported. The theoretical calculations reinforced by 

experimental observations were seldom reported.  

1.3 Outline of this dissertation 

Facing with these challenges, the goal of the this dissertation is to provide 

theoretical models as well as direct experiment verifications in mode guidance, output 

power, lasing efficiency and transverse mode competition inside face-pumped IAG planar 

waveguide lasers. Following the introduction, the rest of this dissertation is organized as 

follows. Chapter 2 focuses on the experiment setups and characterization methods used for 

further analysis. Detail procedures about experiment are also recorded. Chapter 3 details 

the mode guidance inside a continuous wave IAG planar waveguide lasers both 

theoretically and experimentally. The waveguide is treated as hybrid guided structure since 
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the guidance along bounded and unbounded direction are different. Along the bounded 

direction, thermal refractive focusing and index antiguiding are considered while gain 

refractive focusing and thermal refractive focusing are considered along the unbounded 

direction. Chapter 4 covers the theoretical modeling of output power based on spatial rate 

equations. The model is applied to the face-pumped IAG planar waveguide laser with 

continuous wave output. The output power and slope efficiency results with a variety of 

output couplers are covered. In chapter 5, a theoretical model describing transverse mode 

competitions inside the IAG planar waveguide lasers is developed. Experiments based on 

two IAG waveguide chips are used to verify the theory. Conclusions and outlooks are 

presented in chapter 6.  

 



 

 

 

CHAPTER 2 EXPERIMENT SETUPS AND LASING EXPERIMENT RESULTS 

 

 

2.1 Introduction 

The foundation of all models and experiments in this dissertation is the IAG planar 

waveguide lasers. Before approaching to detail discussions on unique features of the IAG 

waveguide lasers, the experiment setups and the output characterization methods are 

introduced in this chapter. The laser output characterization results including spontaneous 

and lasing spectral, transverse and longitudinal modes, polarization and beam quality 

factors are discussed, aiming to exam the general output characteristics of IAG planar 

waveguide lasers.  

This chapter is organized in the following way: In section 2.2, the index-antiguided 

planar waveguide chips used in this dissertation are introduced. In section 2.3, the 

experiment setups are detailed followed by the laser output characterization results in 

section 2.4. In section 2.5 conclusion remark is made. 

2.2 Index-antiguided planar waveguide chips   

For IAG planar waveguides used in this dissertation,  the material of the waveguide 

core is 1% doped Neodymium-doped Yttrium Aluminum garnet (Nd:YAG) while the 

cladding material is Terbium Gallium garnet (TGG). The physical parameters for these two 

materials are listed in table 2-1.  

 

 



 

 

 

Many methods have been developed to join the waveguide core and cladding 

together as discussed in chapter 1. Aiming for excellent waveguide quality, diffusion 

bonding is chosen due to the small deviation of the lattice constants for these two material. 

The bonding process includes the following processes: polishing, heating, contacting and 

slowly ramping down the temperature while staying fixed by the designed fixture. The 

exact recipe is proprietary to the manufacturer (Northrop Grumman SYNOPTICS). 

There are two waveguide chips with different dimension used in the experiments, which 

are fabricated through the same processes. The dimension of the two chips are given in 

table 2-2 and geometrically illustrated in Fig. 2-1.  

 

 

 

 

 

 

 

 

 

 

 

Table 2-1. Physical parameters for the core and cladding material of IAG planar 

waveguide chips (courtesy of Adam Dittli) 

Item Nd:YAG TGG 

Formula Y2.97Nd0.03Al5O12 Tb3Ga5O12 

Crystal Structure Cubic [1,1,1] Cubic [1,1,1] 

Melting Point 1950 C 1725 C 

coefficients of 

thermal expansion 

(CTE) 

7.8×10-6 K-1 9.4×10-6 K-1 

Lattice Constant 12.01 angstroms 12.347 angstroms 
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Surface irregularity of surface of A and B is 10-5 scratch dig and the parallelism is smaller 

than 30 arc second. The surface irregularity specification is 1 wave @ 632.8nm, a scratch-

dig specification of 60-40 and a parallelism of 30 arc second. The other surfaces are optical 

grounded. It is noted that the optical coatings of both chips were deposited separately from 

Table 2-2. Dimension of the chips and coating information 

 Chip 1 Chip 2 

Core thickness 220 ɛm 400 ɛm 

Length 19.8 mm 15.5 mm 

Width 11.0 mm 5.4 mm 

Thickness 2.4 mm 3.2 mm 

Surface A, B 808 nm AR 808 nm AR 

Surface C, D Grounded Grounded 

Surface E, F 1064 nm AR 1064 nm AR 
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Figure 2-1. Dimension and orientation definition. 
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the chip fabrication process but with the chip manufacturer.  

2.3 Experiment setups 

The experiment setup consists of pump delivery, cooling assembly and cavity 

mirrors. A fiber coupled diode laser (Apollo F100) is used as the pump source. The nominal 

center wavelength is 808.2 nm with maximal 100 W nominal output power at 25 degree C. 

However, it is observed in the experiment that the pump wavelength is effected by the 

injection current and the cooling temperature. To insure the stable lasing, therefore the 

efficient pumping, the diode laser is water cooled to 16 degree C while the injection current 

is fixed to be 44.0 A throughout all the experiments. The thermal equilibrium inside the 

diode leads to a stabilized temperature of 24.5 degree C read from the diode driver. A small 

fluctuation of ± 0.2 degree C is observed overtime (within 2 hours) due to the fluctuation 

of the cooling water and the lack of close-loop feed-back temperature control. The 

corresponding center wavelength drift is determined to be around 0.1 nm. The output of 

the pump diode laser is coupled into a multimode fiber. A fiber collimator is used to expand 

and collimate the pump beam from the fiber end. The pump beam exiting the fiber 

collimator is estimated to have a diameter of 0.5 inches (full width at null). 

Due to the grounded surface D and C, the only available pump configurations are 

end-pumping and face-pumping. For efficient end-pumping, the pump beam has to be 

compressed and collimated along both the bounded and unbounded direction with the beam 

diameter close to the thickness of the waveguide core. This adds complexity to the beam 

shaping and risks to reduce the pump beam transmission since more optics are involved. 

Alternatively, face-pumping only requires to shape the pump beam into a line along the z-

axis. Besides, the focused line shape pump footprint provides the possibility to guide the 
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mode in the unbounded direction, which is promising for good beam quality along both 

bounded and unbounded directions. For the purpose to demonstrate lasing, face-pumping 

is chosen in this dissertation. The major disadvantage is, however, that the length of the 

interaction between pump and gain media is limited to the thickness of the waveguide core. 

Detail analysis of the power absorption is shown in chapter 4 since it plays a crucial role 

in determining lasing efficiencies.  

The simulated the experiment setup is shown in Fig. 2-2 and the picture of the real 

setup is shown in Fig. 2-3. The schematic diagram of pump beam delivery path is shown 

in Fig. 2-4. Two mirrors, high reflectors M1 and M2, are used to direct the collimated pump 

beam towards the waveguide chip. The incident pump power is tuned by rotating a half-

wave plate (HWP, zero order) sandwiched by two polarization bean splitters (PBS) while 

the chiller temperature and injection current of the pump diode is fixed. To avoid thermal 

failure, the PBSs are individually placed on cooling blocks. The temperature of these 

cooling blocks are actively maintained to be 15 degree C. The reflected linear polarized 

beam from PBS1 is dumped into a metal black box for safety. The optical power of the 

reflected beam from PBS2 is measured by a power meter (Coherent LM45), which 

provides pump power monitoring. The cubic nature of Nd:YAG crystal makes its 

absorption isotropic. Therefore, it is believed that the polarized pump light will not affect 

the absorption. The transmitted pump beam after PBS2 is shaped by a telescope formed by 

a planar-concave lens (-75mm focal length, L1) and a planar-convex lens (150 mm focal 

length, L2). The pump spot after L2 is estimated to be 1 inch (full width at null), which is 

observed using an IR card. A cylindrical lens (CYL) focuses the pump beam onto the chip 

with a footprint of a line along the z-axis. The intensity profile along the footprint is shown 
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in chapter 4.  

 

 

To remove deposited heat during lasing, the IAG chip is mounted on a custom-

made copper cooling block which is actively cooled to 15 degree C. A 100-ɛm-thick 

Indium foil is placed between the chip and the cooling block. The foil provides both soft 

contact to prevent surface scratch due to the mounting and excellent thermal conductivity 

 

Figure 2-2. Animated experiment setup for IAG planar waveguide lasers. M1 and M2: 

808 nm high reflectors; PBS: polarization beam splitter; HWP: 808 nm half wave plate; 

L1: 75 mm plane-concave lens; L2: 150 mm plane-convex lens, CYL: cylindrical lens; 

OC: output coupler; HR: 1064 nm high reflector. 

 

Figure 2-3. Pictures of experiments setup. (a) Overall experiment setups and (b) the 

zoom in of the IAG chip and the pump footprint. 
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for heat removal. The unabsorbed pump irradiance is reflected back towards the waveguide 

core due to the foil. Even though the actually reflectivity varies with respect to locations 

on the foil and the shape of the incident beam, the reflectivity of the foil is determined to 

be close to 1. Gradually oxidation of the foil is found experimentally since the color the 

foil becomes white after frequently changing the IAG chips for experiments. Further 

improvement of the experiment setups are made by fixing the IAG waveguides and Indium 

foil with a custom made copper sheet. In this way, the IAG waveguide does not have to be 

removed from the foil when switching the chips. The assembly is then mounted onto the 

cooling block with thermal paste in between. In this way, the exposure of the air is 

minimized.  

One high reflector and one output coupler are used as the cavity mirrors, which 

forms the plane-parallel cavity. To successfully get lased, two plane mirrors need to be 

precisely aligned parallel. A low power red diode laser is used to assist the cavity alignment. 

The detail procedures for cavity alignment are listed as follow. First of all, the beam height 

of the laser setups are determined according to the focused pump footprint. Every optics 

 

Figure 2-4. Schematic diagram of pump beam delivery path 
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on the table is set to be at this height. The red alignment laser is then aligned to be parallel 

to the optical table using two irises and two mirrors. Place an iris near the high reflector 

which serves as the target pinhole. Secondly, place the IAG waveguide chip and output 

coupler to their positions shown in Fig. 2-3. Align all the reflections back to the center of 

the target iris. Finally, place output coupler at the location shown in Fig. 2-3 and align the 

reflection of it back to the target iris. At this stage, the cavity alignment should be good 

enough for lasing when moderate pump power is used. Further cavity optimization can be 

achieved by fine tuning two cavity mirrors in the effort to maximize the output lasing power. 

It worth noting that as mentioned in optical IAG fiber laser cases [53, 64], the lasing can 

also be achieved with randomly transverse intensity pattern, or parasite modes. The highest 

output power at a fixed pump power is achieved by carefully aligning the cavity mirrors 

for round and symmetric output intensity pattern. The mechanical mount for two cavity 

mirrors are recommended to be stable kinematic mount with precision screws.  

2.4 Characterization  

After achieved lasing, the general characterization of the output is discussed in this 

section. The data discussed in section is based on the results of 220 ɛm IAG chip. Despite 

the size difference, the general laser output behavior of two IAG chips are similar. 

Difference in experiment results between two chips will be mentioned when necessary. In 

section 2.4.1, the spectral below and above lasing threshold is shown. The transverse and 

longitudinal mode of IAG planar waveguide laser is discussed in section 2.4.2 and 2.4.3 

respectively. In section 2.4.4, the polarization properties represented by the polarization 

extinction ratio is discussed, followed by the beam quality factors.  
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2.4.1 Lasing spectrum 

The lasing spectral is measured by a fiber coupled grating based spectrometer 

(Avantes), the resolution of which is 0.1 nm. The measured amplified spontaneous 

emission (ASE) below lasing threshold is shown in Fig. 2-5 while the measured lasing 

spectral is shown in Fig. 2-6. The ASE spectrum is consistent with the reported data [65]. 

 
Figure 2-5. Measured amplified spontaneous emission (ASE) spectral with 808.5 nm 

incident pump. The spectrum shows peaks at 1051.82 nm, 1061.68 nm and 1064.14 nm. 

 

Figure 2-6. Measured lasing spectrum with 0.9 reflectivity output coupler. The FWHM 

is 0.1059 nm. 
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It is however with the maximal incident pump power, the ASE spectrum for 400 ɛm chip 

shows several peaks around 870 nm and 885 nm. These peaks disappear in the output 

spectrum once lasing is achieved, indicating the possible presence of excited state 

absorption with substantially high pumping power. The lasing spectrum does not change 

its shape throughout the span of the available pump for both chips. 

2.4.2 Transverse mode 

The transverse mode of the laser refers to the electromagnetic field in the plane 

perpendicular to the propagation axis (z-axis in Fig. 2-1), which can reproduce itself after 

travelling around trip along bounded direction. The formation of transverse modes are the 

results of optical cavity and certain intensity patterns are used to quantify the specific order 

of transverse modes. Since the plane-plane cavity is used, transverse modes inside IAG 

planar waveguide lasers are effected by the waveguide instead of laser cavity. Therefore, 

the mode field profiles in the x-y plane are used in this dissertation to represent the 

corresponding transverse mode of IAG planar waveguide lasers. The rigorous waveguide 

mode is the solution to the wave equation with rectangular boundary condition. Since the 

refractive index in IAG waveguide is large enough to preclude itself from the assumption 

of weakly guiding waveguides, the transverse mode is not degenerated in terms of 

propagation constant. However, intensity profiles of transverse mode are more relevant in 

characterizing lasing action considering the gain saturation. The intensity profiles of each 

transverse mode are also used in this dissertation to describe the transverse mode.  

There are two methods used in this dissertation to analyze the transverse mode, 

namely near-field imaging and far-field imaging. The corresponding measured field 

profiles are referred as near-field mode and far-field mode respectively. The near-field 
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mode intensity profiles are measured by imaging the lasing spots of the IAG chip facet 

onto the beam profiler (WinCamD) as shown in Fig. 2-7. To achieve this, a plano-concave 

lens whose focal length is 50 mm is placed on a translation stage for focus adjustment. 

 

To avoid saturation at high lasing power, an optical wedge and an absorptive neutral 

density filter (OD 4.0 in total) are used to sample the lasing beam for imaging. In addition, 

a long-pass filter (LPF) with 1000 nm cut-off wavelength filters out the unnecessary 

wavelength. The measured intensity profile for near-field modes are shown in Fig. 2-8.  

 

Lens

CCD

OD 

filter

Lasing Beam 

Optical 

Wedge

 
Figure 2-7. Schematic diagram of the near-field imaging. To avoid the damage, an 

optical wedge is used to pick up a portion of power for imaging. 
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Below the lasing threshold, typical near-field profile shows two sharp vertical strips 

corresponding to the material interfaces of waveguide core and cladding. The illuminated 

core is due to the confined amplified spontaneous emission, or ASE. This feature provides 

a convenient way to adjust the imaging lens to affirm focusing location. It also helps to 

calibrate the pixel on the captured near-field intensity profile since the illuminated ASE 

represents the thickness of the waveguide core. Once focus is set, the setup is ready to take 

measurements. When measuring the laser operation around maximal pump power, a 

variable reflectivity neutral density filter ring is used to further attenuate the lasing beam. 

This helps to maintain long integration time for the beam profiler to capture and display 

the intensity profile accurately.  

Above the lasing threshold, the near-field image shows a symmetric pattern with 

the peak intensity at its center. In order to get this mode, one has to adjust the cavity mirrors 

very carefully similar as what was reported in reference [53]. For further analysis, the 

intensity profiles along two orthogonal lines (along the x-axis and y-axis), the interception 

 

Figure 2-8. Typical measurement results of the near-field modes for (a) above lasing 

threshold (0.36 W output power) with 0.3 reflectivity output coupler and (b) below 

lasing threshold. The dark dots scattering around the image corresponds to the dirt or 

dust on the optical surface. 
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of which is the centroid of the near-field image are extracted out and saved. Examples are 

plotted in Fig. 2-9.  

 

 

 

Extensive analysis are made based on near-field imaging in the following chapters. 

It is important to note that the near-field mode behaves differently for two IAG chips when 

pump power is increased. It can be summarized briefly as follows: For 220 ɛm chip, the 

intensity profiles along the bounded direction and unbounded direction remain their shapes 

which are illustrated in Fig. 2-9 (a) and Fig. 2-9 (b) respectively throughout all the pump 

process as long as the cavity is well aligned. Before the chips were AR coated, higher-order 

modes along the unbounded direction were observed since there was an obvious dip at the 

center of the output intensity profile. Following experiments showed this dip disappeared 

after AR coating was deposited. For 400 ɛm chip, however, the intensity profile along the 

bounded direction becomes flat in the center when lasing power was increased. Eventually, 

a dip appears in the center which is believed due to the presence of first higher-order mode. 

 

Figure 2-9. Near-field intensity profiles along the (a) x-axis and (b) y-axis. 
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Detail discussion on the near-field mode evolution will be detailed in chapter 5 together 

with mathematical modeling. 

Besides the near-field imaging, far-field imaging is also used to observe the 

transverse mode. Other than near-field imaging, far-field imaging is used to determine the 

mode structure indirectly. Due to the free-space propagation, the measured intensity profile 

is the Fourier transform of the near-field lasing mode. Inverse Fourier transform algorithm 

is needed to retrieve near-field mode profile. This approach is widely used for small core 

 

Figure 2-10. Typical far-field mode for 220 ɛm chip. The measurement is taken with 

0.9 reflectivity output coupler while the lasing power is 0.5 W. 

 

 

 

Figure 2-11 Far-field intensity profiles along (a) x-axis and (b) y-axis 
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waveguides and fibers where large magnification objectives are needed for near-field 

imaging [66]. Since near-field imaging discussed above provides good imaging of the 

lasing mode, far-field imaging is treated as the auxiliary method for lasing mode 

observation in the experiments. The schematic diagram of the far-field imaging is similar 

as shown in Fig. 2-7 but without the imaging lens. The distance between the chip facet and 

the beam profiler is fixed to be 200 mm. The typical far-field intensity profile is given in 

Fig. 2-10 while the intensity profiles along the two orthogonal directions (x-axis and y-axis) 

are given in Fig. 2-11. Due to the optical confinement along the bounded direction, the far-

field intensity profile along the bounded direction, due to the finite aperture imposed by 

waveguide core, shows large beam divergence when compared with its near-field 

counterpart. However for the unbounded direction, the lasing beam does not diverge as 

severe as it does along the bounded direction. It is determined partially due to the 

unbounded nature such that no hard aperture involved in beam propagation. 

2.4.3 Longitudinal mode 

The longitudinal mode of a laser resonator is the standing wave pattern along the 

optical axis, which can resonate inside the laser cavity. The longitudinal modes are 

characterized by the equally spaced peaks in frequency domain. To resolve them, the 

grating based spectrometer is not appropriate due to its limited resolution. Interferometry 

method, namely, scanning Fabry-Perot interferometry (FPI) is used instead. Though 

several commercial scanning FPIs are available, yet the low resolution around 1 ɛm region 

precludes them from being used to correctly interpret the longitudinal modes inside the 

IAG planar waveguide lasers. A scanning FPI is built to address this issue. The detail 

description and test results for this scanning FPI can be found in Appendix A. Brief 
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introduction and the summary is mentioned in this section.  

The schematic diagram of the scanning FPI is shown in Fig. 2-12. The cavity is 

chosen to be confocal (mirror separation equals the radius of curvature of the cavity mirrors) 

in order to avoid transverse mode excited longitudinal modes [67]. Two identical plano-

concave mirrors with high reflectivity (> 99.8%) at 1 ɛm region serve as the cavity mirrors.  

Without scanning, the transmittance of the confocal FPI is illustrated in Fig. 2-13. The 

 

Figure 2-12. Schematic diagram of the home-built scanning FPI.  

 

 

 

 

Figure 2-13. Transmittance of the confocal FPI. 
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period sharp high transmittance spikes are described by two parameters: free spectral range 

(FSR) and FWHM of single transmittance spike (ŭɡ).  

For confocal resonator, the FSR is given by / 4FSR c L=  where c is the vacuum 

speed of light and L is the separation between two mirrors (often referred as cavity length). 

FSR and ŭɡ are related through finesse (;) of the FPI through /FSR F. ;is related 

with the reflectivity of the mirrors R through / (1 )F R R  when 0.5R>  is met. The 

influence of the cavity design parameters (R and L) on the spectral response can be 

summarized as follows: FSR is determined by the mirror separation while the ;is 

determined by the reflectivity of cavity mirrors. ŭɡ is determined when FSR and ;are set. 

By changing d, the transmission peaks of a FPI is tuned across the spectral of interest. The 

transmitted intensity corresponds to the convolution between unknown spectral density and 

the transmittance curve of the FPI. A transmittance curve, due to high reflectivity of cavity 

mirror, can be approximated to be a delta function in spectral domain. The scanning of d 

is then treated as sampling through the unknown spectral. The spectral profile of the light 

source under test is therefore measured by recording the transmitted intensity correlated 

with cavity spacing. If the scanning range is large enough such that two adjacent 

transmission peaks of FPI sampled through the same spectral profile, two identical spectral 

profiles will be recorded from the detector. The separation between these two identical 

profiles is the FSR of the scanning FPI. This provides the self-calibration for the 

measurement. The parameters associated with the home-built confocal scanning FPI is 

given in table 2-3 
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The schematic diagram of the longitudinal mode measurement setup based on the 

home-built scanning FPI is given in Fig. 2-14. Two high reflectors (M1 and M2) are used 

to direct the output lasing beam towards the FPI. A plane-convex lens (150 mm focal length, 

L1) is used to condense the diverted beam due to the propagation. A 100 × objective 

couples the laser beam into the coiled single mode fiber (SMF), the length of which is 10 
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Figure 2-14. Schematic of experiment setup for scanning FPI. 

 

 

 

Table 2-3. Instrument parameters of the home-built confocal scanning FPI 

Parameter Value 

Reflectivity of cavity mirror > 99.8% @ 1064 nm 

Mirror separation 50 mm 

FSR 1.5 GHz 

Mirror Finesse 784.6 

Calculated ŭɜ 2 MHz 

Measured ŭɜ 4 MHz 

Scanning Rate 8.69 GHz/V 
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meters. A fiber collimator and another lens (250 mm focal length, L2) are used to couple 

the light into the scanning FPI.  

SMF serves as the spatial filter which helps shaping the laser beam. The shaped 

beam insures an efficient coupling of lasers output into the FPI. Even though, it is found 

experimentally that coupling light into the SMF suffers from the low coupling efficiency. 

Experiment data suggests approximated 20% of lasing power is coupled into the SMF. One 

of the FPI cavity mirrors is placed on a piezo controlled translation stage while the other 

mirror is fixed on the same stage. A saw tooth signal generated by function generator is 

applied to achieve scanning. The scanning rate for the FPI is calibrated to be 8.69 GHz/V 

using an ultra-narrow linewidth single longitudinal mode diode laser (Thorlabs TLK1060, 

linewidth 100kHz @ 1064 nm). The transmitted intensity signal from the FPI is measured 

by a PIN photodiode with a long pass filter (LPF, cut-off wavelength 1 ɛm). The output of 

the PIN and the saw tooth voltage are captured with the NI data acquisition card (DAQ). 

The longitudinal mode measurement results are shown in Fig. 2-15. The results 

show clear repetitive structures with the period of 1.5 GHz which corresponds to the FSR 

of the FPI. Within one FSR, there are 6 major peaks with relatively equal separation. 

However, the absolute value of the peak intensity is not the same. The measured average 

FWHM is 8.2 MHz corresponding to 0.03 pm around 1 ɛm region. The result shows the 

longitudinal modes from IAG planar waveguide lasers is unstable. This is due to the 

possibility of spectral overlap since the FSR of the FPI is smaller than that of the IAG laser 

(estimated to be 4.1 GHz). The measurement results shown in Fig. 2-15 is only 37% of the 

FSR for the IAG lasers. In addition, the environment of the FPI is not precisely controlled, 

which adds to the measurement uncertainty. Since there is no apparatus other than the 
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cavity mirrors inside the IAG laser cavity, it is believed the measured spectral can represent 

the features of the longitudinal mode structure. Current FPI can be configured such that the 

FSR is larger than that of the laser, which enables full range measurement of IAG 

longitudinal mode range. However the proper curved high reflectors are not immediately 

available. Besides, it requires extensive additional work to reconfigure current FPI setup 

while other experiments in the research group needs this setup as well. It is therefore 

beyond the scope of this dissertation to finish the improved version of the FPI covering 

100% of the FSR of IAG planar waveguide lasers. More information about the FPI can be 

founded in the Appendix. 

2.4.4 Polarization 

Polarization is another important characterization of a laser. Conventionally, the 

 
Figure 2-15. Measurement results of the longitudinal mode structure inside the IAG 

planar waveguide lasers. The result shown here is measured with 220 ɛm chip, 0.9 

reflectivity output coupler and 2.4W lasing power. The horizontal axis represents 

0.02309 MHz/ɛs. Markers are made with repetitive peaks. 
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output beam from the laser resonator becomes anisotropic due to intracavity polarizing 

optics or the anisotropic gain media. It is found that the only polarization related 

mechanism inside the IAG planar waveguide laser is the polarization depended waveguide 

distributed loss. This anisotropic loss can be explained qualitatively by considering the 

Fresnel coefficients of the TE and TM polarization. TE polarization refers to the 

polarization along the x-axis while TM polarization refers to the polarization along the y-

axis. The ray inside the IAG waveguide core tends to leak out to the cladding due to the 

reverse refractive index step. It is equivalent to consider a ray incident on a material 

interface from the optically rarer media to the optically denser media. The refracted beam 

represents the leak energy. The Fresnel coefficients are polarization dependent [68]. 

Consequently, the energy of the refracted ray depends on the polarization as well. For 

index-guiding waveguide, the total internal reflection eliminates the refracted beam leaving 

only evanescent field penetrating through the core-cladding interface. In this way, the 

polarization dependent loss inside index guiding waveguide is much smaller than inside 

IAG waveguide. 

To describe the polarization behavior mathematically, polarization extinction ratio 

(PER) is used. PER denotes the purity of the output polarization, which is related with the 

intensity ratio between TE and TM polarization as given in Eq. (2.1). 

 10ln TE

TM

I
PER

I
 . (2.1) 
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Experimentally, PER is calculated by measuring the intensity of TE and TM polarization 

respectively. To achieve this, a polarizer is needed. The experiment setup is shown in Fig. 

2-16. The Glan-Thompson polarizer is used as PBS due to its large extinction ratio (105:1). 

The transmitted light has the same polarization with respect to the crystal axis. The PBS is 

PBS
M2

M1

Power

Meter

Lasing Beam 

 

Figure 2-16. Schematic of experiment setup for the PER measurement. 

 

 

 

 
Figure 2-17. The transmitted intensity for a linear polarized laser beam at different 

rotation angle of PBS. The red line represents the sine fitting. The light source used 

in the experiment is the reconfigured pump laser in Spectral-Physics Millennia V. 
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rotated by a computer controlled rotation stage. A photodiode is placed behind the PBS to 

measure the transmitted intensity. To avoid background light, a long-pass filter (LPF) 

whose cut-off wavelength is 1 ɛm is placed before the photodiode. The intensity for TE 

and TM polarizations is measured alternatively when PBS is rotated in one revolution. For 

instance, transmitted intensity for a linear polarized laser beam is given in Fig. 2-17.  

The peaks in Fig. 2-17 corresponds to the TE polarization while the valleys 

corresponds to the TM polarization when considering the waveguide geometry. In this case, 

the PER is measured to be 27 dB suggesting a polarized light. The PER at different lasing 

power for 220 ɛm chip is shown in Fig. 2-18. Throughout the experiments, the lasing mode 

is monitored using near-field imaging. The intensity profiles along the x-axis and y-axis is 

round and symmetry which suggests fundamental mode operation only. The pump power 

is set and then the lasing power is measured after 2 minutes which is believed to be the 

time for thermal equilibration. A virtual instrument interface is used to control the rotation 

of the PBS while the electric signal from the photodiode is then acquired using a NI DAQ 

block. The data is firstly fitted with cosine square shape, similar as shown in Fig. 2-17. The 

peak and valley values are then determined from the fitting and used to calculate the PER 

according to Eq. (2.1). It is worth noting that there are large deviation for the measurement 

taken with lasing power over 1 W.  
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The PER measurement result shows that TE polarization dominates while the purity 

of the output polarization reduces as the lasing power increases. It is understood since the 

polarization associated loss coefficients in IAG planar waveguide are calculated to be 

8.1247×10-4 cm-1 for TE polarization and 9.4688×10-4 cm-1 for TM polarization 

respectively [69]. The increasing pump power facilities the growth of the intensity of both 

TE and TM polarization. Due to larger loss coefficient for TM polarization, its intensity is 

expected to be smaller compared with the TE counterpart at the same incident pump power. 

However at large pump power, this intensity difference becomes insignificant resulting in 

the reduced PER. Around the maximal pump power, thought, the dominated polarization 

changes from TE to TM which is reflected by the negative PER shown in Fig. 2-18. This 

is believed due to the thermal induced birefringence since the residual heat around the 

 
Figure 2-18. PER at different lasing power for 220 ɛm chip. The dash-line corresponds 

to the same lasing intensity for TE and TM polarization. The dash line represents PER 

equals zero, which indicated the same polarization amount. 
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maximal lasing power is at its maximal. Even a small loss coefficient difference can be 

magnified by the resonance inside the gain media.  

2.4.5 Beam quality factor 

The beam quality factor (M2) is a parameter that widely used to represent the laser 

beam quality. The definition of M2 is shown [67]:  

 2

0
2

M W
p
q
l

=  , (2.2) 

where ɚ is the wavelength of the lasing signal; W0 is the minimum beam radius (beam 

intensity drops to 1/e2); ɗ is the divergent angle for the Gaussian beam. M2 = 1 denotes the 

diffraction-limited Gaussian beam. Experimentally, the measured M2 is always larger than 

1 since it is extremely difficult to get the perfect diffraction-limited Gaussian beam. M2 can 

be calculated by measuring W0 along the beam propagation direction. In IAG lasing 

experiment, this is achieved by translating the beam profiler (WinCamD) along a 

translation rail as shown in Fig. 2-19. Two high reflectors M1 and M2 are used to align the 

incident laser beam such that the optical axis is parallel with the moving axis of the trail. 

A lens (50 mm focal length) is used to transform output laser beam for the measurement. 

The beam profiler takes intensity profile along the transverse plane at a list of longitudinal 

direction. The profiles are then fitted with Gaussian shape and W0 are extracted out. The 

parabolic fitting of W0 and its location yields ɗ, with which the M2 are calculated according 

to Eq. (2.2).  

The typical measurement results are shown in Fig. 2-20 for lasing threshold and 

maximal output power. The M2 along both bounded and unbounded direction at different 
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lasing power is given in Fig. 2-21. 

For both bounded and unbounded directions, measured M2 increase with lasing 

power while M2 result are close to 1 around lasing threshold. Along the bounded direction, 

M2 is smaller than 2.5 while it shows a platform shape from 1 W to 2.5 W lasing power. 

Along the unbounded direction, measured M2 increases with lasing power and its maximal 

 
Figure 2-19. Schematic of experiment setup for M2 measurement. To avoid the damage 

of the CCD pixel, an OD filter is added in front of the CCD. 

 

 

 

 
Figure 2-20. M2 measurement results for (a) 0.06W lasing power and (b) 2.5W lasing 

power respectively. 
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value is 4.5. Throughout the measurement, the near-field mode is monitored and is 

determined that only fundamental mode presents in the output. It has been reported by other 

researchers that the field in the cladding greatly affect the M2 for IAG structure [70, 71]. It 

is believed due to the same reason that the M2 along the bounded direction is larger than 

the results conventional fundamental Gaussian mode along the bounded direction. 

In addition, the fundamental mode of the IAG planar waveguide has a cosine shape 

whose diffraction pattern is different than its Gaussian counterpart. All these facts 

contribute to the obvious deviation of the M2 data when the lasing mode is suggested to be 

fundamental mode by near-field imaging along the bounded direction. Consequently, it is 

determined in this dissertation that M2 is not a valid parameter to determine the single mode 

operation.  

 
Figure 2-21 M2 at different lasing power. 
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2.5 Summary 

In summary, the experiment setup and detail lasing output characterization are 

discussed in this chapter. The same experiment setup is used throughout all the chapters in 

this dissertation. The possible variation will be the change of IAG chip. The alignment 

process to achieve lasing, together with is mentioned in detail. Basic laser output such as 

transverse and longitudinal mode, polarization and bean quality factor are discussed. Based 

on the data, the 220 ɛm IAG planar waveguide laser shows great potential for high power, 

large mode area operation with only fundamental transverse mode operation. Besides, the 

beam quality factor behaves differently than traditional free-space lasers whose M2 should 

be around 1 with fundamental Gaussian mode. 

 

 



 

 

 

CHAPTER 3 MODE GUIDANCE INSIDE FACE PUMPED INDEX-ANTIGUIDED 

PLANAR WAVEGUIDE LASER 

 

 

3.1 Introduction 

Optical waveguide is amount the structures that light can be trapped inside. The 

most commonly found optical waveguide is the optical fiber where optical denser core 

surrounded by the optical rarer cladding. The total internal reflection provides physical 

background for trapping light inside the core region. Practically, signal rejuvenation is 

necessary only when significantly long-distance propagation is required which is often the 

case for modern telecommunication system.  

Besides the total internal refraction, there are other mechanisms that can guide the 

light. For example, the material interface can be replaced by arrays of air holes while 

confined propagation modes can be found [72]. The geometrical parameters of the array 

can be designed to support lossless propagation of a spectral band along the axis of core 

[73]. This kind of waveguide is referred as photonics crystal waveguide [74]. Another 

design is to use only one layer of air-holes surrounding the core, which is referred as leaky 

channel waveguide [75]. The confined propagation of electromagnetic wave is found inside 

the core. However, due to the finite layers of air holes, energy inside the core tends to leak 

through the gaps between of the holes to the cladding. Thus, there is a propagation loss 

which is found to be associated with each order of waveguide mode [22]. In 2003, Siegman 

proposed a radical design of waveguide which has negative refractive index step and doped 

core. It has been shown theoretically that lossless propagation mode can be found by  
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providing proper power gain to overcome the propagation loss [52]. This waveguide 

structure is hereby referred as gain-guiding, index-antiguided (GG-IAG) waveguide [55]. 

Experiments based on Nd3+ doped phosphate fibers verified Siegmenôs theory [53, 64]. 

Results showed pure fundamental mode operation was achieved with up to 400 µm core 

diameter GG-IAG fibers while commercial available LMA  fiber only has a core diameter 

of 35 µm. Since propagation of fundamental mode requires optical gain, the doped core 

has to be pumped for optical amplification. Thus, there is residual heat generated inside the 

core. In addition, the large core size of GG-IAG fiber makes heat conduction difficult. 

Researches also show that the output IAG laser suffers from thermal induced distortion 

even with length shorter than 20 cm [56, 76-78]. GG-IAG fibers have to work in gain 

switching mode to avoid thermal failure [53, 56, 64]. For IAG planar waveguides, the 

passive cooling is not sufficient to remove all the residual heat, leading to the obvious 

shrinkage of the near-field mode [78]. All these facts require analysis of thermal effects 

inside IAG structure when power scaling is considered. Hence, a model on modal guidance 

inside planar waveguide lasers with face pumped in developed in this chapter.  

Chapter 3 is organized as follows: in section 3.2, the general theory of the index 

antiguiding is analyzed. In section 3.3, the guiding mechanism, including thermal refractive 

focusing and quadratic gain focusing, inside the face pumped IAG planar waveguide are 

discussed theoretically. In section 3.4, the experiment and simulation results are discussed 

in detail. Final remarks are made in section 3.5.   

3.2 Index antiguiding  

Typical IAG planar waveguide with step-index profile is illustrated in Fig. 3-1. The 

refractive index of the waveguide cladding and core are 1n  and 1n n+D respectively. The 
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refractive index difference nD  is negative for IAG waveguide. The waveguide core is 

doped such that it can provide amplitude gain when optically pumped. The waveguide 

modes propagate along the z-axis while the intensity pattern associated with modal order 

is observed in x-y plane.   

3.2.1 Complex u number 

A uniform plane wave propagating in IAG waveguide core with the initial 

amplitude 0E  is expressed as 

 1
0

2 ( )
( ) exp

n n z
E x E j gz

p

l

+Dè ø
= - +é ù

ê ú
 . (3.1) 

The unique feature of IAG waveguide is represented by the presence of amplitude gain 

coefficient g inside the exponential argument [52]. For index-guiding step waveguide, the 

waveguide argument is reflected by the real propagation constant 12 ( ) /n nb p l= +D . The 

involvement of g transfers the propagation constant from real to complex. The complex 

Core 

Cladding

Cladding

Refractive

Index

g 2a

z

x

 

Figure 3-1. Schematic illustration of the waveguide structure of IAG planar waveguide. 

g is the amplitude gain coefficient in the core region. The core thickness is 2a. The red 

line indicates the rays inside the waveguide.  
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propagation constant b is then given by 12 ( ) /n nb p l= +D   where complex refractive 

index step nD  is represented by ( / 2 )n n j gl pD =D + . It is convenient to introduce the 

dimensionless complex u number the square of which is given by: 

 ( )
2 2

22 2

1 1 1

2 2
2

2

a a
n n n n n j g

p p l
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l l p

å õ å õ å õè ø= +D - º D +æ ö æ ö æ öê úç ÷ ç ÷ ç ÷
  (3.2) 

The approximation for the second step in Eq. (3.2) is valid when the refractive index 

difference is relatively small compared with the absolute value of 1n . More insights can be 

gained by expressing 2u  in terms of its real and imaginary part as 2 N jGu=D + , where 
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As shown in Eq. (3.3) and Eq. (3.4), the refractive index step for IAG waveguide is 

associated with the real part of 2u  while the amplitude gain coefficient is represented by 

the imaginary part 2u . According to the sign of ND  and G, therefore the sign of nD  and 

g, the waveguide structure can be divided into 4 categories:  

1. Index guiding (IG): 

     0nD > 

It is found in conventional optical waveguides for 

instance step-index optical fiber [66]. The guiding 

mechanism for this case is total internal reflection.  

 

2. Gain guiding (GG): 
     0g>  

It is found in semiconductor waveguide lasers [79] and 

gas lasers [80]. The optical mode with confined energy 

inside the core can be found which is supported by the 
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profile of the optical gain.    

 

3. Index antiguiding (IAG):  

     0nD < 

This kind of waveguide is considered to be leaky where 

the energy in the core region tends to leak to the 

cladding [52]. It is widely found in semiconductor 

lasers due to the limited material choices [35].  

  

4. Loss guiding (LG):  

        g < 0 

It will be shown in the following section that even in 

this structure, a stable mode or at least mode like 

solution can be found. In addition, it has been proved 

that the modes in LG case tend to couple the energy 

from the lower order modes to higher order modes 

when perturbation is introduced to the waveguide [67].  

 

It is worth noting that b is modal dependent and it is related with complex parameters w   

and u  through:  
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 . (3.5) 

Considering Eq. (3.2), u  and w  are related with u as 

 
2 2 2u w u+ =  . (3.6) 

The dispersion equations for IAG planar waveguide are given based on w  and u  as 

 tan for symmetric modes (odd modes)w u u=  , (3.7) 

 for antisymmetric modes (even modes)
tan

u
w

u
=-  . (3.8) 

Eq. (3.1) to Eq. (3.8) forms the mathematical base describing modes inside IAG planar 
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waveguides. Similar parameters in conventional step index waveguide are used [81]. Due 

to g and negative nD  , the conventional parameters associated with optical waveguide is 

transferred from real to complex. Solutions to the dispersion equations yield the mode 

shape for desired modal order in IAG planar waveguide.  

3.2.2 Fundamental mode 

To gain insights on modal shape of IAG planar waveguide, the fundamental mode 

is analyzed in this section. The electric field along the transverse direction (x-axis) for 

fundamental mode inside the IAG waveguide is given by:  

 

cos
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 . (3.9) 

To be confined, the mode has to carry finite energy and can be normalized inside the 

cladding. This requires the real part of w  be a positive number. Thus, the possible 

solutions of w  locate in the first and fourth quadrant of complex w  plane as shown in Fig. 

3-2. Each point in Fig. 3-2 represents one possible solution of w . The line by the black 

scatters forms the line of pure GG (in first quadrant) and pure LG (in fourth quadrant), nD  

of which are zero. According to Eq. (3.5), b is approximated as 

 ( )
2

2 2

1 12 2

1 1

1
2

2 2
r i r i

w
kn kn w w jw w
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b
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º + = + - +æ ö

ç ÷
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where 2 /k p l=  and r iw w jw= + . The GG (LG) occurs when the imaginary part of Eq. 

(3.10) is positive (negative), which locates in first quadrant (forth quadrant). The real part 

of Eq. (3.10) is zero for pure GG or LG, namely 2 2 2 2 2

12r iw w k n a- =- . As rw  and iw  

increase, this condition is approximated to be 2 2 0r iw w- º, which yields the 45 degree 
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black scatter lines at the top-right or bottom right corners. The region where Re[ ]b  is 

positive locates under below the black line in the first quadrant and above the black line in 

the fourth quadrant. This region represents the IG while the region formed by vertical axis 

and the black dots represents the IAG region.  

The allowed region where 0rw >  is transformed into complex u  plane as plotted 

in Fig. 3-3. The allowed u  locates between two blue thick lines. The two black thinner 

lines represent the pure GG and pure LG as marked. The thinnest lines from the left to the 

right correspond to the same condition as denoted by the dash lines in Fig. 3-2. To be 

specific, the allowed real part of complex u  parameter ru  at a given ȹN is plotted in Fig. 

 
Figure 3-2. Values for possible w  parameters for lowest order mode. The line formed 

by the black scatters dots represents the pure GG (in first quadrant) and pure loss 

guiding (in fourth quadrant). The pure IG occurs with the points along the horizontal 

axis. The blue dash line corresponds to the | |w  = / 8np , where n is integer ranging from 

1 to 6.  

 

 

 

 






















































































































































































































