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Dissertation Director:

James A. Harrington

Single crystal (SC) fibers provide an interesting alternative to conventional glass fibers
for high power laser applications. The limitations in power scaling in silica glass
fibers arising from thermal lensing, onset of nonlinear phenomena, thermal shock
and degradation of the fiber core, etc. hinder performance at high power densities.
Since most of these are related to the amorphous structure of the silica glass in the
active fiber gain medium, there has been a considerable push to move the fiber laser
architecture to a crystalline material. High thermal conductivity and low nonlinear
gain coefficients of the crystalline material, along with the high surface-area-to-volume
ratio of the fiber geometry make yttrium aluminum garnet (YAG) SC fibers suitable
for application involving high optical power density. The work presented in this
dissertation discusses the growth and characterization of different YAG SC fibers
grown by the laser heated pedestal growth technique.

While SC fibers have theoretically been shown to have high power handling ca-
pabilities, in reality their application in practical devices has been severely limited
by the high transmission losses involved in such waveguides. In this work, transmis-
sion losses in coil-able YAG SC fibers have been lowered to less than 0.8 dB/m at
1064 nm by optimizing growth conditions and fine-tuning the alignment of the optical

components of the growth apparatus.
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One of the major obstacles in the development of SC fibers as effective laser
medium is the difficulty in fabricating a core-clad structure like conventional glass
fibers. Since SC fibers are grown from a melt, which is a true liquid, no cross-
sectional geometry can be transferred from the preform to the final fiber. A few
approaches to cladding have been discussed, including both post-cladding and in-situ
cladding. Post-cladding techniques like sol-gel cladding, liquid phase deposition, and
hydrothermal crystal growth have been explored. Among in-situ approaches, con-
trolled radial distribution of dopant ions has been investigated as potential route to
achieve a graded index profile. Er:YAG SC fibers from rod-in-tube preforms have been
grown and the dopant distribution has been studied as a function of growth speed.
Radial self-segregation of ions was also explored as a potential means to achieve an
in-situ cladding. Such behavior of Nd ions in Nd:YAG SC fibers have been observed
and reported.

A sol-gel-based low-cost approach has been developed to vary the dopant con-
centration of YAG SC fibers. Using this technique Ho:YAG SC fibers of varying
dopant concentration were grown and lasing was reported at 2090 nm. A maximum
optical-to-optical slope efficiency of 58.5% was demonstrated in such fibers.

Finally, the crystal quality of the YAG SC fibers was characterized by synchrotron
white beam X-ray topography. This non-destructive characterization technique for
large single crystal samples allowed the study of the strain and defect distribution of

different YAG SC fibers.

iii



Acknowledgements

During my time as a graduate student at Rutgers University, I had the opportunity
to work with and learn from so many wonderful individuals. First and foremost, I
would like to express my sincerest gratitude to my PhD supervisor Prof. James A.
Harrington, for being a great guide and helping me realize my love for research. It
was a real honor and privilege working for an amazing person and expert professional
like you. I would like to thank my dissertation committee members at the Materials
Science and Engineering Department, Prof. Lisa Klein, Prof. John Matthewson and
Prof. Deirdre O’Carroll, for your valuable advice and inputs to my research. Large
thanks to Prof. Eric Johnson from Clemson University for your expert contribution
to the single crystal fiber laser project and for taking the time off to review my written
dissertation.

I would like to acknowledge the contribution from all my colleagues in the Fiber
Optics group: Dr. Craig Nie, Jeffrey Melzer, Carlos Bledt III and Michael Soskind.
It was a great experience working with you in doing this research. In particular, I
have to appreciate the impact of Dr. Nie, working with him was one of the joys of
graduate school.

This project was a highly collaborative effort and I was very fortunate to work
with some highly talented and motivated people during its time. Dr. Yuan Li and
Prof. Eric Johnson from Clemson University, for the amazing efforts with the lasing

experiments; Long Cheng, Theresa Chick, and Prof. Stephen Rand from University

v



of Michigan, for the excellent work with the modeling and fluorescence measurements;
Dr. Balaji Raghothamachar from Stony Brook University, for your expert work on
X-ray topography; Brad Stradelman and Prof. Joseph Kolis, for your innovative
work on hydrothermal cladding; Dr. Thomas Emge from Rutgers University, for you
detailed work on single-crystal diffraction; Dr. Juliane Gross from Rutgers University,
for your work on Electron Probe Micro-Analysis: I would like to thank you all for
making this project such an enjoyable learning experience for me.

In my four-and-half years at Rutgers, I have met some really special people who
have made this time one of the best periods of my life. Rahul, Nick, Ross, Ajay,
Shawn, and Craig, thank you for making life as a graduate student so enjoyable !
Thanks also to my close friends from school and college, who despite the distance
and time-difference, have been there with me through my ups and downs.

And lastly, and mostly importantly, I would like to thank my family for your love,
support and encouragement. Dada, Ma, and Baba, everything I am today, I owe it to
you. Thank you for teaching me, inspiring me and being there for me when I needed

the support. I am truly blessed to be able to call you family.



List of Abbreviations

AFM: atomic force microscopy

AR: anti-reflective

ASB: aluminum sec-butoxide

CCD: charge-coupled device
CDLHPG: co-drawing laser heated pedestal growth
CVD: chemical vapor deposition

cw: continuous-wave

EFG: edge-defined film-fed growth
EPMA: electron probe micro-analysis
FWHM: full with at half maximum
HR: high reflective

HoAG: holmium aluminum garnet
IR: infrared

LHPG: laser heated pedestal growth
LPD: liquid phase deposition

LPE: liquid phase epitaxy

NA: numerical aperture

NIR: near infrared

OVD: outside vapor deposition

PID: proportional integral differential

vi



PVA: poly-vinyl alcohol

RE: rare-earth

RiT: rod-in-tube

SBS: stimulated Brillouin scattering

SC: single-crystal

SEM: scanning electron microscope

SRS: stimulated Raman scattering

SWBXT: synchrotron white-beam x-ray topography
TEMgo: fundamental transverse electromagnetic mode
UV: ultraviolet

YAG: yttrium aluminum garnet

oy total loss coeflicient

as: scattering loss coefficient

1-PD: micro pulling-down

vil



Contents

Abstract ii
Acknowledgements iv
List of Abbreviations vi
Contents viii
List of Figures xi
List of Tables xviii
I Introduction 1
1 Motivation 2
II Background and Theory 11
2 Crystal Growth from Melt 12
3 Attenuation Losses in Crystal Fibers 22

3.1 Intrinsic Loss mechanisms . . . . . . . .. ... .. ... ... .. .. 23

3.2 Extrinsic Loss Mechanisms . . . . . . . .. .. ... ... ... 24

viii



4 Rare-earth Ions

4.1 Optical properties of REions . . . .. ... ... ... ... ....

4.2  Energy transfer mechanisms in RE doped materials . . . . . . . . ..

III Experimental Methods

5 Laser Heated Pedestal Growth Technique

5.1 General considerations regarding LHPG . . . . . .. ... ... ...
5.2 LHPG Set-up at Rutgers University . . . . . . . ... .. ... .. ..

5.3 Alignment of optical system . . . . .. ... ... ... L.

IV Results and Discussions

6 Loss Measurements

6.1 Results for 330 um SC fibers . . . . . . . .. ...
6.2 Results for 120 pum SC fibers . . . . . . . .. .. ...

Cladding a Single Crystal Fiber

7.1 Glass Clad SCfiber . . . . . . .. ... . oo

7.2 Crystal clad SC fiber . . . . . . . . .. ... ... .

7.3 Post-cladding techniques . . . . . . .. ...
7.3.1 Sol-gel Cladding . . . . . .. ... ... ... .. ... .....
7.3.2 Liquid Phase Deposition . . . . . . ... ... ... .. ... ..
7.3.3 Hydrothermal Growth . . . .. ... ... ... ... .....

74 In-situ Cladding . . . . . . . . .. ...
7.4.1 Rod-in-tube Approach . . . . .. ... ... ... ... .. ..

7.4.2  Auto-segregation of dopants . . . . . ... ...

X

29
30
37

41

42
A7
50
56

66

67
71
75



8 Growth of sources with Varied Dopant Concentration
8.1 Sol-gel dip coating . . . . . . . . ...
8.2 Fiber Growth . . . . . . .. ...

8.3 Holmium Concentration . . . . . . . . . . . . . . ...

9 Ho:YAG Single Crystal Fiber Laser
9.1 Results for 330 um SC fibers . . . . . . ... .. ... L.
9.2 Results for 120 um SC fibers . . . . . . . .. .. ...

10 Crystal Quality and Crystallographic Data
10.1 Crystal Orientation . . . . . . . . .. .. ... . ... ...
10.2 Single-crystallinity . . . . . . . . ... oo

10.3 Crystal Surface Quality . . . . . . .. .. .. ... ...

11 X-Ray Topography

V  Summary and Conclusions
12 Conclusion and Future Work

References

111
113
116
117

119
122
125

129
129
132
134

136

146

147

152



List of Figures

1.1

2.1
2.2

2.3
2.4
2.5
2.6

3.1

4.1
4.2
4.3

5.1

Maximum output power from silica glass fiber laser (left) vs YAG fiber

laser (right). . . . . . . .. L

Typical geometry of a Czochralski growth apparatus for growing silicon.

a) Typical geometry of a skull melting apparatus for growing Al,Os3.
b) Actual photograph of crystal growth by skull-melting. . . . . . ..
Typical geometry of a Verneuil apparatus for growing Al,O3. . . . . .
A schematic diagram of the EFG technique . . . . . . ... ... ...
A schematic diagram of Micro-pulling down technique . . . . . . . . .
A schematic diagram of Optical Float Zone technique. (A - Atmo-

sphere, Z - Zone) . . . . ...
Exaggerated representation of fiber diameter fluctuations . . . . . . .

Splitting of energy levels in due to different interactions . . . . . . . .
Energy levels of the 4f* configurations of trivalent lanthanides (Ln3T).
Simplified energy level diagram showing radiative (solid line) and non-

radiative (dashed line) relaxation in a typical rare-earth ion. . . . . .

Fiber diameter measured during growth for two fibers, one with a diam-
eter control feedback loop and a second fiber grown without diameter

control. . . . oL L.

x1

15

16
17
18
19

21

27

33
36

38



5.2
5.3
5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11
5.12

5.13

6.1

6.2

6.3

6.4

Schematic of the laser heated pedestal growth apparatus . . . . . ..
Mode profile of COy laser . . . . . . . . . .. ... ... ... ...
High-loss YAG SC fiber grown with discontinuous motor movement.
Such a fiber had alossof 1 dB/em. . . . . . ... ... ...
The primary optical components in the LHPG apparatus. These four
components transform the Gaussian beam from the CO, laser to form
a ring and then focus it on top of a source bar. . . . . . . . ... ...
Effect of lateral displacement of first axicon. . . . . .. ... .. ...
Effect of lateral displacement of second axicon. . . . . . . . ... . ..
Effect of excessive lateral misalignment of the second axicon. . . . . .
Effect of tilt of first axicon. . . . . . . . . . ..o
Effect of tilt of second axicon. . . . . . ... ... .. L.
Effect of lateral shift of the parabolic mirror. . . . . . . . . . ... ..
Photographs of focus on a 340 pum source. The two rows show two
different cases. The first and third columns show the source from the
side. The two sets are recorded on cameras orthogonal to each other.
The second column shows the view of the source from the top

Photograph of symmetric focus achieved on a 340 pm source by fine-

tuning alignment of components. . . . . . . .. ... .. ... ...

Scattering losses along the length a 79-cm long 330 pm diameter YAG
SC fiber at 1064 nm . . . . . . .. ..o L
Total attenuation losses for a 1 meter long 330 um diameter YAG SC
fiber at different wavelengths . . . . . . . . .. ... ... L.
Scattering losses in a 1 meter long 330 pum diameter YAG SC fiber
along its length at 1064 nm . . . . . . . .. . . ... ... ... ...
Total attenuation losses for a 30-cm long 120 pum diameter YAG SC

fiber at different wavelengths . . . . . . . ... ..o

xil

95

64



6.5

6.6

7.1

7.2
7.3
7.4
7.5
7.6
7.7

7.8
7.9
7.10

7.11

7.12

7.13

7.14

Scattering losses in a 30-cm long 120 pm diameter YAG SC fiber along
its length at three wavelengths, 532 nm (top), 660 nm (middle) and
1064 nm (bottom). . . . . .. ... 78
Increase in losses in a 30-cm long 120 um diameter YAG SC fiber with

increasing curvature of bending. . . . . . .. ..o 80

Cr**:YAG double-clad crystal fiber fabricated by the sapphire tube

assisted CDLHPG technique. . . . . . . ... ... ... ... .... 84
Flow diagram of a sol-gel film coating . . . . . ... ... ... .... 88
Schematic of a sol-gel dip-coating set-up . . . . . . .. ... .. ... 89
Flowchart describing preparation of alumina sol-gel . . . . . . . . .. 91
Alumina sol-gel deposited layer on a 120 pm YAG SC fiber . . . . . . 91
Flowchart describing preparation of YAG sol-gel . . . . . . . ... .. 93

SEM image showing YAG sol-gel deposited layer on a 330 um YAG

SC fiber. The layer was obtained by 10 successive application of the

dip-coating procedure. . . . . . .. ..o 95
YAG sol-gel deposited layer on a 330 um YAG SC fiber . . . . . . .. 95
SEM image showing the growth of GeO, crystals on YAG SCF . . . . 97
Optical microscope image showing the growth of GeO, crystals on YAG

SCFEF . . 97
SEM image showing the growth of GeOy crystals on YAG SCF . . . . 97
A typical autoclave used for hydrothermal growth of single crystals. . 99
Hydrothermal layer of YAG grown on an undoped YAG SC fiber. a)

Cross-section view b) Length view . . . . . ... ... ... ... ... 99
RiT preform consisting of YAG tubes assembled on a doped YAG SCF 103

xiil



7.15 Er®* distribution in 50% Er:YAG core with pure YAG cladding grown
at (a) 3, (b) 2, and (¢) 1 mm/min. The profiles are one-dimensional
lineouts through fluorescent images giving dopant concentration versus
position across each fiber sample. . . . . ... ... .00 106
7.16 a) Polished cross-section of 120 pm 1.5% Nd:YAG SC fiber. b)Fluorescence
image of same fiber. ¢) The profiles are one-dimensional lineouts of flu-

orescent image giving dopant concentration versus position across fiber

8.1 Flowchart describing preparation of HoAG sol-gel . . . . . . .. ... 114
8.2 XRD pattern of sol-gel derived HoAG (top) compared to YAG (bottom)115
8.3 Estimating concentration of Ho dopant in YAG SC fiber in sol-gel
coated regrown fibers, by fitting it to previously obtained absorption
loss for a known concentration of holmium, shown as blue dots. The
data points in orange are losses measured for SC fibers grown from
preforms with 2, 3, and 4 layers of sol-gel HOAG. . . . . ... .. .. 118
8.4 Change in holmium concentration with number of layers, as measured

by EPMA . o oo 118

9.1 Energy level scheme of Ho®>" ion, observed emission transitions found

are indicated by arrows. . . . ... ..o L0 Lo 120
9.2  The spectra of Ho*" in YAG obtained using a Yokogawa AQ6375 Op-

tical Spectrum Analyzer (OSA). Results obtained at Clemson University.120
9.3 Schematic of Ho:YAG lasing set-up . . . . . . ... ... ... .... 122
9.4 The optical spectrum of the laser at 20 W of output power centered at

2090.6 nm. The inset, the whole spectrum from 1900 to 2200 nm . . . 122

Xiv



9.5

9.6
9.7
9.8

9.9

9.10

10.1
10.2
10.3

10.4

10.5
10.6

10.7

11.1
11.2

Slope efficiency of two 0.5% low-loss Ho:YAG SC fibers. The fiber with
0.9 dB/m loss shows a slope efficiency of 67.5% while the fiber with
0.6 dB/m loss shows a slope efficiency of 72.3% . . . ... ... ...
Mode profile of output 0.9 dB/m loss Ho:YAG fiber in the near field .
Mode profile of output 0.9 dB/m loss Ho:YAG fiber in the near field .
Slope efficiency of Ho:YAG fibers grown from a preform with different
number of HoOAG layers . . . . . . . . . . .. ... ... ... ... ..
Slope efficiency of Ho: YAG fiber at different lengths of fiber grown from
4 layer HOAG coated preform . . . . . .. ... ... ... ... ...
Mode profile of output in the near field (left) and far field (right).

Beam profile captured using Ophir SP503U silicon CCD camera. . . .

SEM image of 120 yum YAG SC fiber showing faceting. . . . . . . ..
Fiber with no faceting grown from seed which displays faceting . . . .
Left: Fiber grown from randomly oriented seed; Right: Fiber grown
from oriented seed with [100] growth direction . . . . . . .. ... ..
Rocking curve of a Er:YAG SC fiber . . . . .. ... ... ... ...
AFM image of 330 pm YAG SC fiber showing no visible faceting . . .
AFM image of 120 pm Nd, Ho codoped YAG SC fiber showing visible
faceting. The peak-to-peak distance of the facets is 6.5 um. The
average height of the peaks, measured from the trough, is about 25
nm. RMS value of surface roughness is 85nm . . . . . .. ... ...
AFM image of 120 pm YAG SC fiber with 25 ym YAG cladding grown

by hydrothermal crystal growth. RMS value of surface roughness is

Schematic for recording projection x-ray topographs . . . . . . . . ..

Schematic for recording section x-ray topographs . . . . . . .. . ..

XV

123
124
124

126

126

127

130
131

131

133
134

135



11.3

11.4

11.5

11.6

11.7

11.8

11.9

X-ray topograph (g = 004) of 330 yum diameter 1.5% Nd:YAG SC fiber
with periodic striations showing incorporation of Nd3* ions in the fiber.
The inset shows the longer section of the fiber. . . . . . . . ... ...
X-ray topograph (g = 004) of 380 pum diameter Er:YAG SC fiber show-
ing periodic striations showing incorporation. The sample shows sig-
nificant stress at point at region T which is at the transition point of
two tube sections. (Please refer to 7.4.1 for more details of growth)

X-ray topograph of (g = 004) 120 ym diameter Nd, Ho co-doped YAG
SC fiber showing periodic striations showing incorporation of Nd3*
ions in the fiber. Blurring of the topograph signifies significant strain
the crystal. . . . . . .o
X-ray topograph (g = 220) of 330 pum diameter 1.5% Nd:YAG SC
fiber showing dislocation lines running through the center of the fiber
(D). The sample also shows the strain in the lattice due to periodic
incorporation of Nd3* ions in the fiber . . . . . ... ... ... ...

X-ray topograph (g = 040) of 330 pm diameter undoped YAG SC fiber

140

141

142

showing Pendellosung fringes (P). S - Surface defects on the fiber surface143

X-ray topograph of two 330 pum diameter undoped YAG SC fibers.
a) Strain-free fiber with transmission losses of 0.3 dB/m. Horizon-
tal lines are Pendellosung or thickness fringes produced by dynamical
diffraction effects indicative of high crystalline perfection. b) Fiber is
characterized by strains resulting in blurred images. . . . . . . . . ..
X-ray topograph (g = 220) of 330 um diameter undoped YAG SC fiber

showing inclusion defects (D). . . . . . ... ... . L.

11.10Section X-ray topograph (g = 220) of 330 pum diameter undoped YAG

SC fiber showing inclusion defects (D). . . . .. ... ... ... ...

XVl

144



11.11X-ray topograph (g = 040) of 120 pm diameter undoped YAG SC fiber
with 25 pym cladding layer grown by hydrothermal method. . . . . . . 145
11.12Section X-ray topograph (g = 040) of 120 um diameter undoped YAG

SC fiber with 25 pm cladding layer grown by hydrothermal method. . 145

xXvii



List of Tables

1.1

6.1
6.2

7.1

7.2

Comparison of different properties between silica glass and YAG. . . . )
Correction due to reflectance at different laser wavelengths . . . . . . 70
Lasers used for loss measurements . . . . . . . . ... ... ... ... 70

Refractive Index change in YAG due to addition of different common
RE dopants . . . . . . . . . 107

Tonic radii of different trivalent rare-earth ions . . . . . . . . . . . .. 108

Xviil



Part 1

Introduction



Chapter 1

Motivation

Since the invention of lasers in the 1960s, a staggering amount of research has been
done on near infrared laser sources. Demands in different applications such as medical
surgery [1], remote sensing [2], free space communication [3], telecommunication [4],
lidar systems [5], etc. in the 0.9-3.0 um range have led to an explosive growth in
the lasers operating in this range. While quite a few different types of lasers cater to
this wavelength range, the most common type are rare-earth (RE) doped solid state
lasers. These lasers are based on 4f-/f transitions in RE ions which typically produce
emission lines in the short wave infrared region. A wide range of crystals, ceramic
materials and glasses are used as host matrix for such laser systems. Among these, RE
doped glass fiber lasers have seen a lot of development over the last five decades. Fiber
lasers are solid-state lasers which use a double-clad glass fiber doped with trivalent
RE ions as their gain medium. A fiber based gain medium provides a number of
special qualities that are very attractive for certain applications. For fiber lasers, the
laser resonator can be built entirely out of fiber components, eliminating the need
for free space optical components, and hence allowing the system to be compact and
rugged. Laser transitions are strongly broadened in glass hosts, allowing for large

gain bandwidths. This, in turn, allows greater wavelength tunability and generation



of ultrashort pulses. Several low phonon energy glasses like fluoride and chalcogenide
glasses allow for transmission in the mid infrared region [6]. The strong optical
confinement in doped fibers make them high gain media which allows operation even
at low pump powers. The high surface-to-volume ratio of the fiber geometry also
allows for more efficient extraction of heat, thus allowing operation at high power
densities.

At present, almost all RE doped fiber lasers available commercially are glass-
based. Fiber lasers can deliver single-mode output with very high output power in
either pulsed or cw mode. However, for some military applications requiring output
power levels beyond tens of kW in continuous mode or for precision material or plasma
processing applications requiring high energy per pulse, the conventional glass fiber
laser technology is not suitable due to limitations inherent in the material properties
of the glasses used to make the fiber gain media. At such high operating powers, high
power density in the fibers can limit their performance. Limitations to power scaling
in glass fibers arise from thermal self-focusing, nonlinear effects, facet damage etc.

As operating power of a laser increases, loss mechanisms generate heat in the
gain medium. For solid state gain media, the absence of an effective heat extraction
mechanism, leads to the generation of a thermal gradient in the medium. The thermal
gradient, in turn, creates thermal stresses in the medium. High operating powers can
exaggerate the effects of thermal stress and lead to catastrophic thermal fracture
of the gain medium. For glass fiber gain media, in extreme cases, the heat can
cause the melting of the fiber core. Heating of the solid-state gain medium can
also lead to thermal lensing [7]. The temperature gradient across the fiber cross-
section sets up transverse refractive index gradient across the fiber. This thermally
induced refractive index gradient competes with the refractive index profile of the
fiber and affects waveguiding of the medium. High optical power associated with both

pump and laser wavelengths can also lead to loss of power by nonlinear phenomena.



Processes like stimulated Brillouin scattering (SBS) and stimulated Raman scattering
(SRS) can limit the continuous power handling capability of a medium and give rise
to a power dependent loss mechanism [8]. Lasers operating over narrow spectral
lines are limited by SBS, while lasers with broad bandwidth are limited by SRS [9].
Especially for amorphous media like silica, the backward propagating wave gives rise
to a considerable SBS derived loss at high power.

Although the output power of the fiber lasers can be maximized by tuning fiber
parameters like length, dopant concentration, and mode area, it is ultimately limited
by the material properties of the glass fiber. Limitations of the glass fiber architec-
ture have shifted the focus of the research to develop new materials for active fiber
applications.

Crystalline materials are another class of laser host materials that have been par-
ticularly well studied. Over the years, a huge number of crystals have been grown and
used as host materials for solid-state lasers. These crystals have included different
classes of materials, including oxides, halides and chalcogenides, etc. Excellent power
handling capabilities of doped single-crystal (SC) like Ti:sapphire [10], Nd:YAG [11],
etc have been well-documented. Thermal conductivities of amorphous substances are
generally lower than that of crystalline substances as heat transport in such sub-
stances are affected by elastic scattering of phonons at lattice imperfections. Since
glasses lack any long-range lattice ordering, the phonon mean free path in such sub-
stances is smaller compared to that in crystals, leading to lower thermal conductivity.
Among crystalline materials, the absence of grain boundaries in SC fibers result in
longer phonon mean free paths and hence higher thermal conductivity. A higher
value of thermal conductivity would result in better dissipation of heat from the gain
medium. This, in turn, would mitigate the limitations on power scaling arising from
thermal effects. The long-range ordering in crystals also effect the nonlinear scatter-

ing thresholds in the media. Both SBS and SRS gain coefficients in crystals are a few



orders of magnitude less than in glasses.

Oxides crystals like garnets [12], perovskites [13], sesquioxides [14], vanadates [15],
tungstates [16], etc. have especially been subject to extensive research due to their
versatile properties and ease of processing. Among these, the most studied group of
laser crystals are perhaps the garnet crystals. While crystals of the garnet structure
exist naturally, our knowledge of these crystals have been greatly enhanced due to the
emergence of various synthetic garnet crystals. Yttrium aluminum garnet (Y3Al501,
YAG) has been particularly well studied due to its excellent optical properties. The
garnet structure can accommodate a large variety of cations in its different cation
sites. In the dodecahedral or c-sites, the Y ions in YAG can be easily substituted
to a varying degree by trivalent RE ions, leading to its use as a laser host material.
YAG has a broad transmission window from the UV to mid IR (about 210 nm to
5.5 pm). It is mechanically tough, chemically stable and thermally durable. Being
isotropic and congruent melting, it is relatively straight-forward to grow SC YAG from
a melt. Additionally, YAG has low nonlinear scattering (SBS and SRS) coefficients
and better thermo-mechanical properties compared to glass laser hosts. Its high
thermal conductivity, melting point, and low thermo-elastic coefficients make it ideal
for handling high power densities associated with high power lasers. A comparison of

the different properties of YAG and silica glass is given in Table 1 [17].

.. Thermal Young’s Refractive | SBS Gain
Transmission T, . Hardness . .
Range (um) o) conductivity | Modulus (kg/mm?) index Coefficient
(W/mK) (GFa) @1.06 pm (m/W)
Sili
1 01822 | 1000 138 73 500 145 5x 1011
glass
YAG 0.21-35 1940 10 300 1330 1.81 <l x 1013

Table 1.1: Comparison of different properties between silica glass and YAG. [17]

However, despite their better thermal conductivity, solid-state crystal lasers have



a serious challenge of managing heat dissipation at high power density. This problem
can be addressed by modifying the geometry of the crystal to increase the surface-to-
volume ratio for improved heat extraction. Thin disk lasers [18] and slab lasers [19]
are two configurations that have been developed to overcome the thermal limitations.
Although these systems can be designed for high output power, often of the order of
kilowatts, they are relatively complex, using complicated multi-pass systems or beam
shaping schemes. An alternative to these configurations is growing the crystalline
host material in the form of a fiber. Not only does the cylindrical geometry provide
a better surface-to-volume ratio for enhanced cooling, it also provides tighter optical
confinement for better interaction of the pump beam with the lasing ions in the host.
The fiber laser medium is relative straightforward to pump and produces output
beams of high quality without the need of sophisticated beam shaping arrangements.
Another advantage the fiber geometry offers is that the pump spot size and device
length are truly independent. This allows the freedom to vary doping concentration
and device length while still keeping the lasing output same. Hence, there has been a
resurgence in the research on doped crystal fibers as potential high-power laser gain
medium.

The origins of the growth of SC fibers can be traced back to the late 1950s when
these materials were investigated for their mechanical properties. Compared to bulk
crystals, SC fibers could be grown with a very high degree of crystallinity, leading
researchers to explore the relations between crystalline purity and superior mechanical
behavior. Interest was driven by the possibility of using these fibers to strengthen
composite mechanical structures. However, a limited interest in the subsequent years
led to a temporary decline in the 1960s. But the field saw a resurgence in the early
1970s when Haggerty et al. [20] developed the first micro-float zone apparatus for
the growth of SC fibers. This technique would serve as the precursor to the laser

heated pedestal growth (LHPG) technique, which even now is one of the most widely



used crystal fiber growth techniques. Using this set-up Haggerty and colleagues grew
oxide crystal fibers to study their mechanical properties. It was during this period
that Burrus and Stone adapted this technique to grow the first optical crystal fibers.
They were able to grow Nd:YAG crystals in the form of fibers and demonstrate
lasing [21]. However, it wasn’t until the early 1980s, that SC fibers received wide-
spread research attention. Feigelson, Fejer and others at Stanford led a comprehensive
study into the exploration of potential applications of SC fibers for passive, active
and nonlinear applications, in the process establishing much that we now know about
these materials [22] [23].

In its early stages, most of the research on optical applications of SC fibers was
focused towards the development of laser power delivery systems. Sapphire SC fibers
were grown for the delivery of Er:YAG laser radiation at 2.94 pm for medical appli-
cations [24]. However, the use of such an architecture never caught on and by the
early 2000s, the focus was shifted to the growth of RE doped YAG SC fibers for laser
applications. The SC fiber provided a hybrid laser architecture between bulk crys-
tals and active fibers, allowing higher average powers than with conventional crystals
and higher energy than with fibers in pulsed regime. The four-level laser system of
Nd:YAG, being previously very well established for bulk crystal was the first system
to be studied in the SC fiber geometry [25]. In the following years, numerous re-
search groups have investigated YAG SC fibers doped with various lasing ions like
erbium [26], ytterbium [27], holmium [28], thulium, chromium [29], etc.

Dawson et al. [30] and Parthasarathy et al. [17] have discussed the effect of different
factors that limit the maximum cw output power of fiber lasers. There are seven
physical limits to the power scaling in fiber lasers. These are thermal fracture, melting,
thermal lensing, optical damage, pump-power limitations, and nonlinear scattering.
Based on these physical limits, contour plots of output power were constructed for

different materials. In both studies, the authors found that the maximum power



that can be obtained from a YAG-based fiber laser is about one order of magnitude
more than that of conventional silica-glass based fiber lasers. The results obtained
by Dawson et al. [31] are shown in Fig. 1.1. It can be seen that under a single
frequency cw operation, the maximum output power of a Yb:YAG fiber laser is 16.9

kW compared to 1.89 kW obtained from a Yb doped silica fiber.
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Figure 1.1: Maximum output power from silica glass fiber laser (left) vs YAG fiber
laser (right). (Reprinted with permission) [31]

However, despite the promising figures, at present the maximum output power of
single-crystal based fiber laser is much lower than that of glass fiber lasers. While
the most advanced commercially available glass-based fiber lasers routinely produce
output powers above 1 kW, the maximum output of SC fibers have not exceeded a
few hundred watts [32]. Two major obstacles in scaling up the power of crystal-based
fiber lasers are the high propagation losses and the absence of a proper cladding.

Conventional glass fiber fibers have benefitted tremendously from the development
of low-loss silica glass fibers for long-haul optical communication. Demand for low-
loss fibers for fiber optic communications networks has produced extensive research
in this domain [33]. Current commercial optical fibers have a loss of less than 0.2
dB/km at 1.55 pum, which is less than 1 dB/km at 1 um [34]. At such low numbers,
background losses can be, for all practical purposes, ignored when fabricating a laser

device. On the other hand, the total attenuation losses in crystal fibers had been



reported to be much higher, of the order of a few tens of dB/m [35]. At such losses,
a considerable amount of pump and laser power is lost as heat, severely limiting the
power output of these lasers. Thus, lowering the attenuation losses in crystal fibers
is a major hurdle that needs to be overcome if crystal based fiber lasers are to be
practically realized.

The total attenuation losses through a waveguide are a combination of both in-
trinsic and extrinsic losses. The intrinsic losses are inherent in a material and are
unavoidable due to its fundamental properties. On the other hand, extrinsic losses
are introduced during fabrication and can be reduced by refining the processing tech-
niques. The presence of defects and contaminants in the bulk of the crystal can lead
to absorption or scattering of propagating light. Extrinsic losses also originate from
waveguide losses which result from imperfections in the fiber geometry. A major focus
of the work presented in this dissertation is on the reduction of extrinsic losses in the
SC fiber waveguides by improving the processing techniques.

In order to preserve the output beam quality without sacrificing higher pumping
power, fiber lasers use fiber with a double clad structure. The cladding helps lower
the scattering losses at the fiber surface by modifying the critical angle for the total
internal reflection. Hence it is desirable to have a small core diameter fiber with a thick
inner cladding. However, SCFs are grown without cladding and putting a cladding
on them is much more difficult than that in glass fibers. The melt from which the
fiber is drawn is a true liquid which has very low viscosity and it is very difficult to
maintain and transfer a pre-defined core-cladding structure from a preform to the final
fiber. Glasses have been explored, to limited success, as potential cladding materials
for crystal fibers. However, glasses and crystals are fundamentally different classes
of materials and have vastly different thermal and mechanical properties. For high
power applications, these differences are exaggerated and lead to significant losses

and ultimately catastrophic device failure. To preserve the homogeneity of material
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and exploit the advantages of a crystalline phase, our attention in this work has been

restricted to growing a crystalline cladding only.
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Chapter 2

Crystal Growth from Melt

The rise of instrumentation technology in the early and mid-20th century has moved
crystal growth from the realm of artistry and jewelry to an active area of research.
Newer synthetic crystals have been developed for applications ranging from electron-
ics, optics to electrical, magnetic and radiation-based devices. As the demand for high
quality defect free crystals with tailored shapes, sizes and morphology grew, crystal
growth transformed into a multi-disciplinary field of research, driven by scientific
principles.

Essentially crystal growth is the science and engineering of the transformation
and evolution of a solid phase from either a solid, liquid or gas phase. While crystal
growth from solid is quite rare, crystal growth from liquid and gas phases are rather
common and have very well studied throughout the last century. Between these
two, liquid based crystal growth is the most popular and widely investigated. All
crystal growth from liquids are comprised of essentially the same three steps. The
first step involves the supercooling or supersaturation of the liquid phase, followed
by nucleation which can be either spontaneous or stimulated. The final stage is the
growth of the crystals at the nucleated sites. Depending on the number of phases in

the liquid stage, liquid based crystal growth techniques are of two major categories.
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In solution growth, the chemical component for the desired crystal is dissolved in a
liquid medium, either aqueous or flux, and the crystal growth is triggered by super-
saturation of the solution. Growth from melt, on the other hand, is accomplished by
supercooling the liquid phase of a material to initiate crystal growth.

Between these two approaches, growth from melt is more widely practiced. Large
crystals with desired orientation and morphology can be grown at high growth rates
in a relatively straightforward manner by employing high temperature. The melt is
usually solidified by carefully manipulating the temperature. In most cases, a seed
crystal is used to obtain a crystal with some desired orientation. Based on the phase
diagram of the material, it is very important to carefully consider the thermodynamics
of the growth process to grow high quality single crystals. For a crystal to be grown

successfully from a melt, the material has to follow certain restrictions.

The material should be congruent melting.

It should not have a polymorphic phase transition between the crystallization

temperature and the melt temperature.

The material should not decompose before it reaches its melting point.

It is also required that the material should have a low vapor pressure at its

melting point.

If all these criteria are not simultaneously satisfied, other crystal growing tech-
niques need to be explored.

Despite these restrictions, growth from melt is the most popular form of crystal
growth, accounting to almost half of the technologically important crystal grown this
way. There is a wide variety of melt-based crystal growth techniques at present
and the choice of the particular technique depends on the physical and chemical

properties of the material being grown and shape dimension of the crystal that is
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sought. Among these numerous techniques we will discuss the basics of a few crystal
pulling techniques. These techniques involve the growth of usually axisymmetric
quasi-unidimensional crystals whose size in the other dimensions can be controlled.
Since the crystals are drawn from a melt, the formed crystal is not in contact with the
crucible. This reduces the possibility of contamination from the crucible and also the
stress introduced due to solidification on another surface (as in Bridgman growth).

The Czochralski method of crystal growth is named after Polish chemist Jan
Czochralski who developed this process in 1917. It is a versatile technique by which
single crystals of semiconductors, metals, salts and oxides can be grown from a molten
charge [36]. A typical Czochralski growth apparatus, as shown is Fig. 2.1, consists
of a crucible housing the molten material and a seed pulling mechanism. The seed is
placed along the vertical symmetry axis of the crucible. At initiation of growth, the
seed is dipped into the molten charge. Due to surface tension of the melt, it forms
a meniscus at the contact of the seed. The seed is then slowly drawn up, carefully
controlling its speed, in the process forming a crystal. In order to homogenize the
heat distribution about the grown crystal, the seed is also rotated axially as it is
drawn up. The uniform heating of the molten zone is a major factor for this growth
method as convectional currents in the melt give rise to stress and related defects in
the crystal. Hence, to mitigate this issue, some Czochralski growth apparatus have
been modified to have the crucible rotate about its symmetry axis.

The skull melting technique and the closely related cold crucible technique were
developed independently by French and Russian scientists in the 1960s for the growth
of refractory materials. In this technique, only the center of a charge in a crucible is
melted using radio-frequency heating while the material in contact with the crucible
remains solid due to cooling of the crucible walls [38]. In this manner the melt is
housed in its own crucible and does not come in contact with the original crucible

material. The skull is the solid layer of the material that forms a boundary between
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Figure 2.1: Typical geometry of a Czochralski growth apparatus for growing silicon.
Adapted from [37]. (Reprinted with permission)

the melt and the crucible. This technique allows for the growth of ultra-pure single
crystals by virtue of this principle. Due to this aspect, some researchers have modified
the skull melting technique to allow for the growth of pulled fibers in a process not
very dissimilar from the Czochralski method. A schematic of such an apparatus is
shown in Fig. 2.2. Despite of the interest in growth of pulled fibers using skull melting
technique, it is associated with a number of challenges. The most important among
of these issues is the homogeneity of the heat distribution in the melt. The isotherm
patterns at the surface of the melt control the quality of the pulled single crystal.
In skull melting technique, obtaining a highly axi-symmetric heat distribution by
optimizing the positions of the radio-frequency heating elements, hence pulling crystal
fibers, making crystal pulling really challenging.

The Verneuil process is the oldest commercial crystal growth technique, developed
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Figure 2.2: a) Typical geometry of a skull melting apparatus for growing AlsO3. b)
Actual photograph of crystal growth by skull-melting. Adapted from [38]. (Reprinted
with permission)
by French chemist Auguste Verneuil in the late 19th century. In a typical Verneuil
set-up, as shown in Fig. 2.3, the charge is allowed to fall onto a seed crystal through
an oxy-hydrogen flame. The charge is introduced using a vibrating hopper to ensure
its continuous flow. The exit orifice of the hopper has to be not too small to restrict
free flowing of the charge but not too big to allow incomplete fusion of the charge
as it falls through the flame. The seed at the bottom is often rotated to obtain an
axi-symmetric growth. Although it is not technically a crystal pulling technique, it
has most of the characteristics of such a technique. Despite the absence of a crucible,
crystals grown by other techniques like Czochralski method produce higher quality
crystals [40]. Another downside of this method is that the growth interface cannot
be controlled and most often this leads to curved lines of growth and strong faceting.
While the techniques introduced in the few preceding sections discuss different
methods of crystal pulling, dimensions of the crystals grown by these techniques do
not qualify them as fibers. Fibers are quasi-unidimensional structures very high aspect
ratios, characterized by small diameters, in the region of a few tens of microns to a
millimeter. Crystals grown by the techniques described previously have diameters
ranging from a few centimeters up to about 40-50 centimeters. To grow crystals of

smaller diameters, there are two groups of fiber pulling techniques that are used:
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Figure 2.3: Typical geometry of a Verneuil apparatus for growing Al,O3. Adapted
from [39]. (Reprinted with permission)
a) Unidirectional crystallization by pulling through a die
b) Growth from a floating micro-melt

While the diameter of the crystal grown using by Czochralski method can be
varied by changing the crystal pulling parameters, diameters less than a few millime-
ters cannot be achieved due to some fundamental restrictions imposed by the growth
technique itself. Due to the effect of surface tension, convective currents, and tem-
perature oscillation in the melt, small diameter Czochralski growths are inherently
very unstable. Under such conditions, stable small diameter growth is possible with
the use of die capillaries. Two crystal growing techniques based on the principal of
pulling a crystal through a small channel are:
i) Edge-defined Film-fed Growth (EFG)

ii) Micro-pulling Down technique (u-PD)
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In the EFG technique the crystals are drawn from the melt film produced on top
of a die capillary. This process was developed to grow thin rods and sheets of materi-
als like germanium, aluminum etc by using a shaping die made of tungsten [41] [42].
In the early 1980s, Saphikon (now Photran) commercialized the growth of sapphire
profiles using a floating orifice technique that used a molybdenum shaper. The capil-
lary forces between the solid shaper elements force the melt up through the channels
forming shaped liquid columns. As it rises above the top of the shaper elements, it
forms a fluid film. When a seed crystal is brought into contact with this liquid film,
the wetting properties of the melt help form a column by which the crystal can be

grown. A schematic diagram of the EFG technique is shown in Fig. 2.4.

ﬁ Crystal seed

Melt

Figure 2.4: A schematic diagram of the EFG technique

However, at present, the EFG procedure has fallen into disuse and is scarcely
used to grow crystal fibers and has been replaced by the pu-PD growth technique. In
1-PD growth, fibers are drawn from a melt by drawing it through shaped capillaries
at the bottom of the crucible [43] [44]. These shaped capillaries or nozzles allow
the transport of the liquid melt to form growth meniscus below the crucible bottom.
Under non-growing condition, the liquid does not leak out from the bottom of the
crucible through the nozzles, but is rather held inside the crucible by surface tension

at the nozzle. However, when a denser body is brought in contact with the crucible
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bottom, the melt flow through the micro-channels. As it flows out of the crucible,
cooling leads to the growth of columnar crystals from the melt. A schematic of the

u-PD growth technique is shown in Fig. 2.5.
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Figure 2.5: A schematic diagram of Micro-pulling down technique

In the p-PD technique, since the fiber is drawn from the bottom of the crucible,
the likelihood of incorporation of bubbles in the crystal is low. However, crystals
grown by this technique are susceptible to inclusion of heavier impurities which tend
to settle at the bottom of the crucible. The EFG technique is complementary to the
1-PD technique and the crystals grown by this technique are affected by the inclusion
of air bubbles but free from heavier impurities. Since both the p-PD and the EFG
techniques involve the pulling of the crystal through a die, both techniques allow
for the cross-sectional shape of the crystal to be controlled, allowing for the growth
crystals in various forms like tubes, columns, ribbons, etc.

While these techniques allow for the growth of uniform quasi-one-dimensional
single crystals with high aspect ratios, fibers with diameters less 500 pm cannot be

grown by these methods. The diameter of the crystals grown by the EFG and pu-PD



20

techniques are limited by surface tension in the die capillary and most of the crystals
grown by these techniques are about a millimeter in diameter. However, at these
dimensions, the single crystals are closer to being mini-rods rather than being flexible
fibers [45] [46]. On the other hand, the diameter of the SC fibers grown by the float-
zone techniques can be reduced with each successive growth. SC fibers with diameters
less than 100 pm have been grown with consistently good quality with diameters as
small as 20 um being reported in the literature [47].

Additionally, both the EFG and pu-PD techniques use a crucible to house the
molten charge. That, along with the presence of the shaper element for EFG introduce
a considerable risk of contamination from the refractory materials. The float zone
techniques are superior in this regard as they are crucible-less techniques where the
heating element does not come in physical contact with the melt.

Compared to crystal growth by pulling through a die, float zone techniques allow
for the growth of high quality crystals with very high aspect ratio. In such techniques,
a heat source, usually an arc lamp or a laser, is focused on a source material pedestal
to form a mini-melt [48] [49]. A seed crystal is dipped into this melt and the crystal
is grown by pulling the seed. The focus of the heat source is kept fixed between the
source rod and the grown crystal and the growth is achieved by translating the seed
and the feedstock. The principal advantage offered by float zone techniques is that
the melt does not come in contact with any crucible, hence precluding any possibility
of contamination from the crucible material. This enables the growth of crystals of
materials which are highly reactive or materials with very high melting point. Figure
2.6 shows a schematic of a Optical Float Zone using halogen lamps as the heat source.
Lasers are very useful as heat sources as they can provide small regions of very high
energy density for the formation of the melt. The first usage of laser in an optical float-
zone technique was demonstrated by Haggerty in 1972 who used two focused laser

beams to create a mini-melt and draw SC fibers of materials like aluminum oxide,
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yttrium oxide, etc [20]. Since then, this technique has been modified by different
researchers, adapting it to grow crystal fibers of a wide range of materials, including
semiconductors, inter-metallic and inorganic compounds, refractory materials, and

oxides.
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Figure 2.6: A schematic diagram of Optical Float Zone technique. (A - Atmosphere,
Z - Zone) Adapted from [50]. (Reprinted with permission)



22

Chapter 3

Attenuation Losses in Crystal

Fibers

Given their excellent material characteristics, SC fibers have great potential as laser
gain medium for high power applications. However, despite the promise, the SC fiber
architecture has not been widely adopted for practical application. The main obstacle
that has prevented the development of this technology is the very high transmission
losses in SC fibers. The development of silica based glass fiber lasers have benefitted
tremendously from the advancement of silica optical fiber processing in the 1970s and
80s. During this period, the extensive research capital invested in the development
of low-loss silica glass fibers for long haul telecommunication had indirectly aided the
growth of all glass fiber based technologies. Fiber losses have been reduced from more
than 20 dB/km in 1970 to less than 0.5 dB/km in the currently available commercial
single mode fibers [34]. Compared to that number, at present, the very best YAG SC
fiber waveguides have a transmission loss of about 0.1 dB/m [51]. Hence to make SC
based fiber devices a realizable technology, it is very important to refine processing
techniques to reduce the losses in such waveguides. For that, it is very important to

understand the origin of these losses so that steps have been taken to address them.
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The losses in any waveguide are a combination of intrinsic losses and extrinsic
losses. Intrinsic losses arise from the material properties of the waveguide material
and cannot be affected by processing improvements. Once a material has been chosen,
the losses in the waveguide can only be reduced by reducing the extrinsic losses. These
losses can arise from a variety of different factors like impurities in the material and
imperfections in the crystal and waveguide. Before discussing these extrinsic loss
mechanisms, it is worth taking a look at the fundamental loss mechanisms in SC

fiber waveguides.

3.1 Intrinsic Loss mechanisms

The intrinsic losses in a material originate from different absorption and scattering
mechanisms that exist in a perfect sample of a pure substances. These losses represent
the minimum loss that can be achieved in a particular material. For any dielectric
material, the intrinsic losses arise from absorption in the ultraviolet and infrared
regions and scattering in the intermediate region. These mechanisms can be expressed

in a combined form in the following equation [52]

oy = Ae* + B/X* 4 Ce e/ (3.1)

The first term describes the optical absorption at short wavelengths, in the UV re-
gion. Such a process is a result of photon absorption due to electronic or excitonic
transitions, when the energy of the photon is of the order of the bandgap of the mate-
rial. When the photon energy is greater than the bandgap of the material, the light is
absorbed, leading to absorption near the bandgap of the material. This phenomenon
provides the lower limit of the wavelengths that can transmit through material and
produces what is called the Urbach tail of absorption at short wavelengths.

The second term arises from the scattering of photons in a medium. If the scat-
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tering is an elastic process, it is Rayleigh scattering; while if it is an inelastic process,
it is Brillouin scattering. While both Rayleigh and Brillouin scattering occur due to
fluctuations in the density, composition and orientation of molecules within the trans-
mitting medium, Rayleigh scattering involves random incoherent fluctuations. For
this reason, in crystals having perfect long-range ordering demonstrate no Rayleigh
scattering and the transmission in such materials is limited by Brillouin scattering.
The periodic ordering of the lattice in crystals scatters photons by low frequency
phonons. Despite their predominance in different classes of materials, both Rayleigh
and Brillouin scattering show the same dependence on wavelength.

The third and final term in the intrinsic loss mechanism is due to multiphonon
absorption in the infrared. The strong absorption at lower frequencies arises from the
coupling of photons to the lattice vibration. If the photon energy is low enough, the
lattice can absorb it and create one or more phonons. The coupling of the phonons
with the transverse optical vibration modes of the lattice is very strong and effectively

limits transmission through the material.

3.2 Extrinsic Loss Mechanisms

In practice, the losses measured in almost all materials is much higher than the
limits imposed by intrinsic loss mechanisms. For all practical purposes the losses
that are measured for different materials result from extrinsic losses in the medium.
These result from different aspects of material processing and can be greatly reduced
by improving and optimizing processing techniques. Extrinsic losses in waveguides
can be broadly characterized into two broad categories, absorption and scattering.
Extrinsic absorption losses are due to the presence of impurities in the material. These
impurities can be transition metals, RE metals or water related impurities and can be

easily identified by their characteristic absorption peaks. In general, for crystal fiber
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waveguides, the main impurities are metallic in nature and are mostly incorporated
from the source material. Apart from the starting material, contamination may occur
from the melt crucible, growth atmosphere etc. While it is possible to reduce the
amount of impurities by optimizing procedures like starting with ultra-pure source
bars, using crucible-less growth techniques and growing in cleanroom environment, it
is almost impossible to entirely eliminate this problem.

The major contribution to extrinsic losses comes from scattering losses. These
losses which include scattering from defects, dislocations, micro-bubbles, localized
strain fields, and waveguide imperfections can be mostly eliminated by refining wave-
guide fabricating procedures. These scattering centers cause light to be coupled into
lossy higher order modes which subsequently leak out of the waveguide.

In general, the extrinsic scattering losses in a sample assumes the form [52]

B C
de=A+ 5+ (3.2)

The first term on the right-hand side is a wavelength independent phenomenon
called anomalous diffraction, which arises from scattering centers that are large com-
pared to the wavelength and introduce a large phase difference. It takes place due
to coherent interference of light scattered from all volume elements of the scattering
center. The second term is due to Rayleigh-Gans scattering which occurs due to
scattering centers that are large compared to the optical wavelength but contribute
small phase differences. Scattering occurs predominantly due to local fluctuation in
refractive index [53]. These can be induced by stress, voids, dislocations, micropores,
grain boundaries, etc. In this regime of scattering, light is coupled into neighboring
modes and eventually into higher order modes. Since higher order modes have higher
losses, Rayleigh-Gans scattering increases losses in fiber; increasing the value of ayia;

with the length of the fiber. Rayleigh Gans scattering is also characterized by strong
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scattering in the forward direction. This forward scattering also contributes strongly
to the length dependence of the total losses. The final term is due to Rayleigh scatter-
ing. It occurs due to scattering centers which are small compared to the wavelength.
In practice for most SC fibers, the contribution from this mechanism is smaller com-
pared to the other two mechanisms and only plays a significant role for fibers with
exceptionally good optical quality.

A major factor affecting the attenuation losses in fibers is waveguide imperfections
and non-uniformities. Waveguide imperfections can be in the form of microbends, di-
ameter fluctuations, waveguide surface imperfections etc. Fluctuations in waveguide
diameter and imperfections of the fiber surface lead to significant deviations from
the axisymmetric propagation of meridional rays and gives rise to skew rays. Due
to their highly asymmetric propagation, these rays have a high tendency to leak
out of the waveguide. Such propagation also leads to redistribution of power among
different modes propagating in the fiber and ultimately power is lost via radiation.
Micro-bending causes attenuation due the presence of high frequency longitudinal
perturbations in the fiber. The radius of curvature of microbends are less than a mil-
limeter and usually originate from the transverse movement of a fiber during growth.
Similar to variation in diameter, microbends couple power to higher order modes
which have higher losses, leading to attenuation losses which increase with length of
fiber.

The effect of waveguide imperfections on the transfer of power between different
modes can be explained by invoking the mode theory of electromagnetic waves. For
highly multi-mode fibers, like the SC fibers grown for the study, such an analysis
becomes highly complicated. However, the loss of power via radiation can be under-
stood using simple geometrical optics. Such an approach is well-described in Snyder
and Love [54], and a brief summary of it follows.

Consider the propagation function of a bound ray in a waveguide, as shown in
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Figure 3.1: Exaggerated representation of fiber diameter fluctuations

Fig. 3.1. The propagation function depends on the local wavelength of the medium

and the angle the ray makes with the optic axis of the waveguide.

dz

B(z) = n(r,z)p.(r,z) = n(r, z)% (3.3)

Where n(r,z) defines the local refractive index of the waveguide medium and ¢,
is the angle the ray makes with the optic axis of the waveguide. For a uniform and
circular fiber, we can assume that the propagation constant remains invariant. Hence,

at any particular length along the fiber,

n(z)o(z)sind.(z) = n(0)e

sinv,(z) = —=sinv,(0) (3.4)

For a ray to remain bound in a fiber waveguide, the angle of reflection at fiber surface
should be less than the critical angle for the waveguide material with its surrounding

medium. Hence,

0 <sind,(z) < sind,

~—

0 < sind.(0) < 2 iy, (3.5)

~ 0(0

~—

Only rays satisfying the above condition at launch will be bound in the waveguide.
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The total power associated with such bound rays varies as the square of the waveguide
radius. With respect to the total power in bound rays, the power lost as radiation,

under such conditions, assumes the following form

Prad —1_ Qmin2
Pbound 002

(3.6)

When the variation in diameter is small compared to the average diameter of the

fiber, it can be assumed that

Pra min
d :2(1—9 ) (3.7)

Pbound Qo

Hence for a diameter variation of 2%, about 4% power can be lost due such irregu-
larities. The diameter fluctuations regarded for this geometric optic approach only
considers slow changes in the waveguide diameter and does not account for the much
higher spatial frequency diameter variation due to formation of facets. Since their
pitch is smaller compared to the wavelength of the light propagating, such features

cannot be analyzed by regular ray optic approach.
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Chapter 4

Rare-earth Ions

The first functioning laser was demonstrated by Theodor Maiman, in 1960, was a
flash pumped ruby (Cr3* doped sapphire) crystal. Since then, this approach of using
a doped solid-state medium has become one of the most well-established methods
of realizing a laser. And despite the development of lasers based on gases, semicon-
ductors, dyes, etc., even now, some of the most advanced and versatile laser systems
are solid-state lasers. Such devices can function over a wide range of wavelengths,
continuous wave power or pulse peak power, pulse duration and energy.

All solid-state lasers are composed of a solid medium, amorphous or crystalline,
doped with a laser-active ion. The optical transitions in these ions, when subjected
to suitable external stimulus form the basis of the lasing action in such lasers. There
are two main classes solid-state lasers based on the laser-active ion. Transition metal
ions like Ti*t, Cr*t, Fe?T, Co?*, Ni?t, V2*, etc., which have incomplete 3d shells
have a number of low lying levels where optical transitions can take place. These
ions are characterized by broad transition bands and generally involve simultaneous
absorption or emissions of both photons and phonons. The 3d wavefunction in such
ions extends beyond the ion core and interacts strongly with the crystal field of

the host, making such systems strongly dependent on the host material. For the
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same transition metal ion, changing the host changes the site symmetry of the ion
and, as a consequence, affects the emission and absorption bands features [55] [56].
Transition metal ion lasers are broadly tunable and have been developed to cover
the entire wavelength range from 270 nm to 4500 nm. The second major class of
solid-state lasers are based on RE ions. Rare earths or lanthanides are a set of
fourteen elements starting from cerium (Z = 58) to lutetium (Z = 71). In their
neutral state, RE atoms have the electronic configuration of xenon ([Kr]4d'°5s%5p%)
along with a partially filled /f shell and another electron occasionally in the 5d shell.
The incomplete /f shell gives these elements some peculiar magnetic and optical
properties. In condensed phases, the most stable state of ionization of RE ions is the
trivalent state and is the most common configuration found in optical devices. RE
doped laser materials are generally composed of a high bandgap (>5 eV) inert host
that is doped via substitution or addition with RE ions. Such materials have been
extensively researched ever since the development of the first neodymium doped solid

state lasers in the early 1960s [57] [58] [59].

4.1 Optical properties of RE ions

Most of the optical transitions documented in lanthanides result from 4f-4f transi-
tions, with the exception of Ce3™ and Pr®** ions where the 5d level lies low enough to
allow 5d-4f transitions via strong and broad absorption in the ultraviolet region [60].
Unlike transition metal ions, the interaction between the lasing ion and host lattice
in RE based laser systems is quite weak. The /f wavefunction is well shielded from
the crystal field of the host by the optically passive outer 5s and 5p electrons, making
the 4f-4f transitions in lanthanides very weakly dependent on the host material. The
shielding of the 4f ions result in weak host-induced splitting and mixing of energy

states. It also implies that there is little or no phonon assisted transitions. All these
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factors contribute to the optical transitions in lanthanides to manifest as sharp and
narrow lines with high transition efficiency [61] [62].

Since the 4f electrons are very effectively shielded from the lattice, the effect of
external potentials can be treated as perturbations. In such a case, the Hamiltonian

of a /f electron can be assumed to have the following form

H = Hf’ree—ion + ‘/static + ‘/dynamic (41)

Among the perturbation terms, while V4. is responsible for producing the electronic
structure of the energy levels, Viynamic induces transitions between the electronic
states.

The energy level structure of the RE ion can be obtained by treating the static
interaction term using time independent perturbation theory. Commonly, each dis-
crete energy level of a considered rare earth ion is assigned the identification 'L,
where S, L and J are the quantum numbers of spin, angular momentum and total
angular momentum, respectively. The energy spectrum of the 4f shell in the free
RE ion can be satisfactorily described within the LS coupling approximation. In the
absence of the perturbations, the /f electrons are assumed to move in a spherically
symmetric potential of the nucleus and the other electrons. The solutions to such a
potential are hydrogen-like wavefunctions. In hydrogenic systems, the total orbital
angular momentum (L) and total spin angular momentum (S) are conserved and L
and S are good quantum numbers. The solutions resulting from the central field are
highly degenerate and fails to explain any of the structures seen in the electronic
levels of the 4f electrons. These structures are due to the lifting of the degener-
acy when the additional perturbing potentials are taken into consideration. Among
these perturbations, the strongest is the effect of the electrostatic interactions be-

tween electrons. Electrons in closed shells contribute a constant energy term to the
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Hamiltonian. This term can be included in the central field potential for the free-ion
and can be ignored while considering the perturbation due to Coulomb interaction
between electrons. The electrostatic perturbation, hence, arises from the interaction
between the 4f electrons. This interaction lifts the angular degeneracy and yields
states that are defined by L and S. The splitting due to such interaction is of the
order of 10* em™!. Following the Coulomb interaction, the next strongest interaction
is due to the spin-orbit coupling. The spin-orbit coupling removes the degeneracy in
the LS terms, formed due to electrostatic interactions, and further splits them into J
levels. The typical splitting between levels is of the order of 10 cm™!. The final con-
tribution to the perturbation comes from the host. The weak external electrostatic
field due to the host lifts the degeneracy in the J levels and causes further splitting
of energy levels. Such a process is an example of a Stark splitting, which describes
the splitting of spectral lines in the presence of electric fields. While the maximum
number of possible Stark levels depends on total angular momentum of the level, the
precise width and number of stark levels depend on the symmetry and intensity of
the external field due to the host. Typically, splitting between Stark levels is of the
order of 10* cm™!. The splitting of the energy levels in RE ions under the effect of
different perturbing potentials is shown in Fig. 4.1

The dynamic interaction term in the Hamiltonian can be used to explain the tran-
sition between the electronic states described by the static interactions. The most
significant contribution to the dynamic term comes from the interaction of the elec-
tron with the electromagnetic field, which gives rise to the emission and absorption
of photons by the ion. As both emission and absorption involve the transition of
the system from one quantum state to another, their occurrence can be explained
by selection rules. Selection rules are in essence conservation laws applied to angular
momentum and parity for the photon and atom system. The basis of the spectro-

scopic selection rules between two states is given by the transition moment integral.
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Transitions for which the integral vanishes are called forbidden transition and have
a low probability of occurring. In a medium, an electromagnetic wave can induce an
electric or magnetic moment. The transition mechanics between two quantum states
in a medium, in the presence of an electromagnetic wave, is dependent on these dif-
ferent electric or magnetic moments, from which the transition moment integral can
be obtained. The difference between the electric and magnetic transitions arise from
the angular momentum of the photon involved in the transition. The selection rules
require that the change in angular momentum and parity between the initial and final
states be compensated by the angular momentum and parity of the photon involved
in the process.

For RE ions, the classical selection rules do not permit the transition between
4f states via electric dipole processes as the initial and final states have the same
parity. Although electric dipole transitions are forbidden, transition from one state
to another are allowed to take place via weaker electric-quadrupole and magnetic
dipole processes. However, the strengths of the 4f-4f transitions were measured to be
considerable higher than those allowed by electric-quadrupole and magnetic dipole
transitions, even considering an intermediate coupling scheme. This anomaly in tran-
sition strengths is satisfactorily explained by the Judd-Ofelt theory that states that
the 4f-4f transition in RE ions happen by forced electric dipole mechanism [63] [64].
This theory, which is based on the concept of crystal fields assumes that in a solid
host environment, non-centrosymmetric interactions such as ion lattice interactions
allow the mixing of electronic states of opposite parity into the 4f wavefunctions,
which somewhat relaxes the selection rules and the transition becomes partially al-
lowed via induced electric dipole transition. The crystal field potential modifies the
4f wavefunction to allow mixing of parities, resulting in a non-zero value of electric
dipole transition. Such processes are usually weakly allowed transitions and are asso-

ciated with small oscillator strength. Since these transitions are weakly allowed, they
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are associated with high upper level lifetime, typically of the order microseconds to
milliseconds, explaining the occurrence of metastable states in RE ions. The different

energy levels of the 4f levels in trivalent RE ions is shown in Fig. 4.2
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Adapted from [65]. (Reprinted with permission)
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4.2 Energy transfer mechanisms in RE doped ma-
terials

For RE ions in a solid host environment, energy transfer can occur between energy
levels of the same ion or different ions. Depending on the pathway involved energy
transfer mechanisms are of the following different categories:

e Radiative relaxation

e Non-radiative relaxation

e Co-operative mechanisms

If the difference between adjacent energy levels is large compared the phonon
energy of the host, radiative transitions involving the emission of photons take place.
Such transitions might occur via spontaneous emission in the absence of any external
radiation or via stimulated emission in the presence of an external photon having
similar energy compared to the separation between the two levels. The process of
stimulated emission, which results in the production of photons exactly similar to
the external photon, serves as the working principle for light amplifying devices like
lasers and optical amplifiers.

If the energy levels are close enough, that is level separation is of the order of
the phonon energy of the host, relaxation occurs via non-radiative relaxation. Such
transitions which take place via simultaneous emission of phonons, are usually un-
desired while designing optical devices as they contribute to the loss energy as heat.
Due to very high density of states of phonons, multiphonon processes are significant
in solid state host but the probability of such processes decreases rapidly with in-
creasing number of phonons involved. Non-radiative relaxations are most common in
Stark components of a multiplet and transitions are very fast, in the order of 10712
or 10713 seconds.

Consider an energy level diagram shown in Fig. 4.3. After an ion is excited to
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upper level 5 by absorption of suitable radiation, it relaxes through sequential non-
radiative transitions to level 3. Since the energy difference between levels 2 and 3 is
large compared to the phonon energy of the host, the ion undergoes a slow radiative
relaxation to level 2 from which it decays to the ground state through another non-

radiative relaxation.

—5
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\
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\
\
————————————————————————————
Figure 4.3: Simplified energy level diagram showing radiative (solid line) and non-
radiative (dashed line) relaxation in a typical rare-earth ion

The two energy transfer mechanisms discussed above have assumed that the laser
ions are isolated in a solid-state host. However, as the concentration of the dopant
increases, the ions cannot be treated as isolated systems and multi-ion interactions
need to be considered. Under suitable circumstances, RE ions may share or transfer
energy between ions of same or different species. Ions closely located with other ions

may transfer energy without the emission or absorption of a real photon. Such energy
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transfer schemes are phonon-assisted and show significant dependence on tempera-
ture. When the transition takes place between ions of different species, these energy
transfers usually necessitate the emission or absorption of phonons to compensate the
difference in transition energies of the different ions. The transfer of energy from one
ion species to another is most commonly used to sensitive laser materials to facilitate
pumping in ions which do not have strong absorption bands at common pumping
wavelengths. Using a large concentration of one species, the optical energy from the
pump is absorbed and transferred to the emitting species. One common example of
such a co-doped system is Yb3" sensitized Er®* solid state system, which allows the
use of high power Nd based lasers at 1064 nm as pump sources [66].

While co-doping might seem like an appealing approach to expanding the pump-
ing options for different solid-state lasers, in practice co-doped systems are not that
common due to the difficulty in managing unwanted inter-ion energy transfer pro-
cesses [67]. These processes are:

e Cross-relaxation
e Up-conversion

Cross-relaxation involves the partial transfer of energy from an ion in an excited
state to another ion in the ground, resulting in both ions in being in lower excited
states. In most cases, these lower excited states decay non-radiatively to the ground
state, resulting in the generation of heat. This is the primary quenching mechanism
for Nd** ions, where an ion in the excited metastable *F5/5 level interacts with a
neighboring ion in the ground state and both ions end up on the intermediate *I;5 /2
level from where both ions decay non-radiatively to the ground state [68].

Up-conversion involves the complete transfer of energy from an ion in an excited
state to another ion in the same excited state. This results in one ion returning to
the ground state while the other ion is moved to a higher excited level. Eventually,

the ion in the higher excited state relaxes non-radiatively and returns to its original
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excited state. The net outcome of the process is half of the absorbed energy is lost as
heat. This is a major factor causing low efficiency of Er®* ion systems. In this case,
one excited ion at the metastable ‘I3, transfer all its energy to another ion at the
same level, resulting in one ion in the ground state and the other upconverted to the

/5 level from where it relaxes non-radiatively back to the metastable level [69).
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Chapter 5

Laser Heated Pedestal Growth

Technique

Since their invention, lasers have played an ever-increasing role in various material
processing techniques. Characteristics like single frequency, coherence and collimation
make lasers extraordinary processing tools, providing a clean and highly controllable
energy source. Using suitable optical components, the generation of localized regions
high energy density can be achieved. From the perspective of crystal growth, melts
can be generated without the need of a melt container, leading to crucible-less crystal
growth.

Of the different laser-based crystal growing techniques, the LHPG technique is
the most widely used in the research community [70] [71] [72] [73]. It is essentially a
modified float-zone technique where a suitable laser is used as the energy source to
create a miniature molten zone on top of a source pedestal, from which a crystal fiber
is pulled. There are several advantages this technique offers over other crystal growing
techniques. As the laser radiation can be focused to a very small region, it produces
a very steep thermal gradient at the growth interface, allowing for a fast pulling

rate. The rate at which a crystal can be grown is about 60 times faster compared
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to Czochralski method for bulk crystal growth. Since the molten zone is created by
focusing a laser beam, extremely high temperatures can be achieved without the need
for searching for suitable crucible materials. This enables the growth of materials with
very high melting points. The absence of a crucible also means that the single crystals
grown by this technique are extremely pure with very low concentration of impurities.
Since the crystal growth front is free, and not in contact with an external surface as
in the case Bridgman growth, the crystal has low inherent stress. Furthermore, as
the laser beam can be focused to a very tight spot, SC fibers of very small diameters
can be pulled using this technique.

While the LHPG technique is schematically similar to drawing of glass fibers,
there are a few major differences. These differences arise from the material differences
between crystals and glasses. While both crystal pulling by the LHPG technique and
glass fiber drawing start with a source pedestal or preform, the reduction of diameter
of the fiber to the source is vastly different. In the glass fiber drawing process,
the glass preform is softened to a “neck-down” region from where the fiber is drawn
out. The high viscosity of glassy materials under such circumstances provide an auto-
dampening of perturbations and permit a considerably long molten region, ultimately
allowing a very high reduction in diameter in a single cycle of fiber drawing. The
high viscosity is also responsible for the very fast draw speed of glass fiber drawing.
Draw speeds of several meters per minutes are typical of glass fibers in the industry.
However, unlike glassy materials, the growth of crystal fibers involves a true liquid
phase melt. In the absence of a crucible, the low viscosity molten zone in the LHPG
technique is only held together by surface tension. This makes the growth highly
susceptible to external perturbations and fluctuations in the melt. The low viscosity
of the melt also restricts the diameter reduction and draw speeds in crystal fiber
pulling. Although when compared to other crystal growing techniques, the growth

rate in LHPG technique is much higher due to the high thermal gradient, it is much
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slower than glass fiber drawing, about 3-4 orders of magnitude slower.

LHPG systems, in the early stages of developement of the technique, used mul-
tiple focused laser beams to create the melt. Symmetric arrangement of two to four
laser beams have been utilized in the early stages of the LHPG technique develop-
ment [20]. The current form of the LHPG apparatus, which uses a single laser beam
and ring-forming optics called axicons, was developed at Stanford University in the
early 1980s [22]. Their apparatus used a specially designed optical component called
a reflaxicon which converted the circular spot of a laser beam into a ring. This ring
of laser radiation was then focused on top of a source pedestal using a focusing mir-
ror, creating a miniature melt at the tip of the pedestal. Over the years, there have
been several modifications to the original design with the incorporation of different
elements like after-heaters, electric dipoles, etc. However, despite these alterations,
most currently functioning LHPG systems are, in essence, based on the basic design
developed at Stanford.

Apart from the energy source, the other major part of the LHPG apparatus is
the fiber pulling mechanism. The position of the melt is kept constant while the
seed and the source feedstock are moved out and into it respectively. Two sets of
independent pulling mechanisms are required for the translation of the source pedestal
and the growing SC fiber respectively. It is worth noting here that, unlike Czochralski
crystal growth, most LHPG systems do not involve a mechanism to rotate the seed
crystal during crystal growth. Due to the small size of the molten region, such a
mechanism would require a very high degree of sophistication so as to not introduce
any disturbance in the melt. To maintain the uniformity of the crystal growth, rather
than rotating the seed, the azimuthal heat distribution in the melt is made very
uniform by fine-tuning the optical components present in the path of the laser beam.

As the fiber is pulled continuously from the melt, the source pedestal must be

fed simultaneously and continuously in the region of the focus of the laser beam to
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maintain a zero-net mass flux in the melt. Hence the conservation of mass relates the

translational velocities of the source and fiber with their diameters.

ds/dy = \/ vf/Vs (5.1)

where ds; and dy denote the diameters of the source and fiber respectively while v
and vy demote the velocity of the source and fiber respectively.

At steady state, the diameter of the source pedestal is uniform and it is theoret-
ically possible to grow fibers of uniform diameter by maintaining a constant ratio of
translational speeds of the source and the fiber. However, in practice this never occurs
and some form of automatic diameter control is required to grow fibers of a certain
preset diameter. Fluctuations that result in deviation from steady state behavior
may arise from different factors like variation of the source diameter, fluctuation of
the melt due to laser power and mechanical perturbation, etc. To mitigate the effect
of these factors on the diameter of the SC fiber, a closed-loop growth system is nec-
essary. Such a system is usually implemented by a proportional-integral-derivative
(PID) control loop where the diameter is monitored in real time and the deviations
from the set value are used to control the speed of the either the source or the seed
or both. The effect of a closed-loop growth process is illustrated in Fig. 5.1, which
shows the comparison of diameter variation between two growths, one with and the
other without diameter control.

Monitoring of the fiber diameter can be achieved by several approaches, each
of which has its own advantages and disadvantages. The diameter of a fiber can
be determined by measuring the interference fringes when they are side-illuminated
by a laser [74]. Assuming a circular cross-section fiber, a laser will produce quasi-
sinusoidal fringes when it passes along the cross-section of a fiber. The width of the

fringes and the distance of the laser source and detector can be used to calculate
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Figure 5.1: Fiber diameter measured during growth for two fibers, one with a diameter
control feedback loop and a second fiber grown without diameter control.

the fiber diameter. While this method has a very good resolution and fast response,
it is strongly dependent on the fiber geometry of the fiber cross-section, making it
very error-prone if the fiber growth is not straight. Another method of the measuring
the diameter is by the use of a non-contact laser micrometer. A laser micrometer
usually comprises of two parts, an emitter and a receiver. The emitter uses a laser
beam to scan across a given range at a known speed. Any object in the path of the
scanning beam will cast a shadow and will interrupt the transmission to the receiver
unit. The diameter of the object can be calculated by measuring the shadow period
on the receiver. Although sub-micron resolution is possible, the response of this
method is slower compared to the measurement of fringes as it is limited by the scan
rate of the emitter unit. The final method of measuring the diameter involves the
counting of pixels on the image of the fiber as captured on a CCD camera [75]. The
glowing molten zone, due to the intense blackbody radiation, can be easily identified
on a camera image and a software can be used to read off pixels at its upper edge
where the growth interface is located. Both the resolution and response time of this

technique are strongly dependent on the specifications of the CCD sensor and hence
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can vary significantly based on the particular hardware used. This approach is very
versatile and flexible; however, it requires a good knowledge of programming to design

a suitable software that serves the needs for such applications.

5.1 General considerations regarding LHPG

The source rod or pedestal used in the LHPG process can be either single crystalline
or ceramic material. Single crystalline source rods are obtained from previously grown
crystal boules. Ceramic bars are fabricated by densifying and sintering ceramic pow-
ders. Source rods may also be obtained by cold extrusion process, where an organic
binder is used to mold powder into small bars that can be used in the LHPG appara-
tus. While using single crystalline sources almost guarantees a high quality starting
material with low impurity concentrations, it is usually more expensive than the other
sources described. It also does not offer much flexibility with the stoichiometry of the
material. Cold extrusion process allows for the preparation of source material with
precise control over material composition but the presence of binders like PVA make
them problematic during crystal growth using the LHPG technique.

Since the starting material for the crystal growth is a solid pedestal, the LHPG
techniques allows for the possibility of growth of continuous SC fibers with compo-
sitional variation. Fibers with both varying doping levels and varying host matrix
have been grown [76]. Using a pedestal with longitudinally fused sections of different
materials, fibers with continuously varying composition have been demonstrated. A
convenient approach to grow fiber monoliths of varying dopant concentration is by
using a source pedestal coated with varying thickness of a particular (or different)
dopants. Such a process will not only allow for the growth of fibers with varying
dopant concentration, but provides the opportunity to introduce multiple dopants

in the same fiber crystal. This has been demonstrated effectively in oxide crystal
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fibers where layers of dopant oxide are deposited on the pedestal by vapor deposition
techniques, sputtering [29], or sol-gel methods [77].

The seed crystals used in the LHPG technique are usually previously grown SC
fibers. The seed determines the crystallographic orientation and the shape of the
crystal fiber cross-section of the pulled crystal. For sapphire crystal fibers, circular
cross-section fibers are obtained when {0001} oriented seeds are used, whereas fibers
grown along the <1010>direction yield non-circular fibers with two parallel sides
representing the {0001} basal facets [78]. Several studies have been focused on facet
suppression in crystal fibers using oriented seeds. Ishibashi et al. used a seed oriented
15° from <100>to <110>to grow facet-free Ca,Cr:YAG SC fibers [29]. Apart from
crystalline seeds, metallic wire seeds (Pt, Au, etc) have also been used [79]. Due to
the high thermal conductivity of metallic wires, the melt temperature drops abruptly
as soon as the seed is dipped into the melt and hence the laser power needs to be
properly adjusted to initiate and continue crystal growth. Seeding with metallic wires
usually leads to crystal nucleation in a direction perpendicular to wire surface.

The interaction of the solid and liquid phases during a crystal growth process is
affected by the growth atmosphere. Several studies have explored this idea in the
LHPG technique. SC fibers have been grown under air, He, Ar, Ny, Hy, Cl,, etc.
Growth has also been examined under various pressures. Studies have focused on
the role of atmosphere and pressure on the rate crystal pulling and defect density in
the single crystals. For sapphire fibers it was reported that the most ideal growth
atmosphere is 5 Torr of He [73]. Similar results have been reported for a variety of
other LHPG grown SC fibers.

For all techniques involving crystal growth from a melt, the shape of the solid-
liquid interface is very important. Since LHPG is a float zone technique, the entire
shape of the molten zone to be very critical for the crystal growth. In the LHPG

technique, the molten zone is held together by surface tension. At steady state growth
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condition, an equilibrium shape is attained and the surface energy of the molten zone
is at a minimum. Minimization of the surface energy also means that the surface
tension at the solid-liquid-gas tri-junction is balanced and an equilibrium wetting
angle is reached. At a steady state the meniscus angle for a particular material
growing in a particular atmosphere is constant. If a net-zero mass flux of the melt is
maintained and growth continues in such a state, there is no variation in diameter.
However, in a real crystal growth, such a condition is almost never achieved due to
fluctuations in the melt and the equilibrium meniscus angle is not maintained, leading
to diameter variations. Numerical modeling based on the shape and thermodynamics
of the molten zone have shown that the fiber growth is possible for a range of aspect
ratios of the molten zone, with the most stable growth achieved when the diameter
of the grown fiber is a third of the source pedestal.

The thermal gradient at the solid-liquid interface produced in the LHPG technique
is very high, of the order of 10> —10% °C/cm. The steep thermal gradient facilitates in
the fast crystal drawing speeds associated with this technique. Another consequence
of the high thermal gradient is the resistance to constitutional super-cooling. A
smaller fiber diameter allows for a faster pulling rate before constitutional cooling
takes place. However, the steep thermal gradient also introduces a high level of stress
in the fibers. Not only do stresses increase possibility of various crystallographic
defects, localized regions of stress affect the transmission characteristics of fibers.

For all floating zone based crystal growth technique, zone-refining is an inevitable
consequence. For a two-component system, the solubility of one component in the
other is usually different for the solid and liquid phases of the solvent. Depending on
the solubility, an impurity (solute) can be preferentially incorporated into or rejected
from the solid phase of the solvent. The quantity that determines this preferential
behavior is known as the segregation coefficient (kg). For a solute-solvent pair, if the

ko for the solute is less than unity, the solute will be rejected from the solid phase
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into the liquid phase, increasing the concentration of the solute in the liquid phase
compared to the solid. The opposite phenomenon happens if kg is greater than unity.
In zone-refining technique, a heating element progresses a molten region along the
entire length of the crystal, melting only a small section of it at any given instant.
As the melt moves forward, the molten region freezes back to a solid phase. This
entire cycle of the crystal going from solid to liquid and then back to solid, changes
the concentration of impurities in the crystal after the melt region passes through
it. Consider a solute with kg less than unity. As the heater moves through a section
of the system, the solute in the melt is rejected from the solid due to decreased
solubility in the solid phase. This decreases the concentration of the impurity in
the newly re-solidified region of the crystal. Considering this mechanism, LHPG
technique can be regarded as a single pass zone-refining technique where instead of a
moving molten zone, the crystal itself is moved through the region of the melt. The
concentration of impurities, whose segregation coefficient is less than unity, regardless
if it is introduced deliberately or not will be reduced when grown by LHPG technique.
There will always be a decrease in concentration in the grown fibers compared to the
source material, with a gradual increase in concentration down the length of the fiber.
Such a phenomenon has been noticed in the growth of YAG doped with impurities

like cerium and neodymium.

5.2 LHPG Set-up at Rutgers University

The original LHPG apparatus at the Rutgers University was donated by the Bellcore
Corporation. It was one of the first LHPG systems ever assembled and was princi-
pally based on the design developed at Stanford University. Since then, numerous
modifications have been made to the system to replace all the original components

and update to the most recent standard. The main components of the system are
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the laser, the focusing optical system, the crystal pulling mechanism and the growth
monitoring imaging system. Most of these modules are inter-connected and controlled
via a hardware interfacing software developed in the National Instruments Labview

environment. The schematic of the set-up is given in Fig 5.2.
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Figure 5.2: Schematic of the laser heated pedestal growth apparatus

Axicon

Since most of the crystal grown using the LHPG system at Rutgers were oxides, a
COy laser was used as the melt-forming energy source. Most oxides strongly absorb
in the long-wave infrared region, making the 10.6 pym radiation from CO, lasers very
effective in processing them. The source laser used in the LHPG apparatus at Rutgers
was a cw sealed gas COy laser manufactured by Laser Engineering Inc., Milford MA.

The beam size was measured to be 7 mm e 2

in diameter, with reasonably good output
mode quality and stability (see Fig. 5.3). The maximum output of the laser was 36W.
However, the growth process, the laser was operated in the range between 12W to
20W. Lower power was required to grow fibers of smaller diameters. For such growths,
a wire-grid attenuator (Lasnix, Model 102) was used to lower the power available for
the growth. The laser cavity had no polarization selecting optic and as a result, the
output beam was unpolarized. The laser was water-cooled by temperature-controlled

water circulated with the aid of a chiller (Neslab, RTE — 113). The laser had a warm-

up period of 60 minutes after which it demonstrated an output fluctuation of less than
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+0.5%. It was observed that for optimum stability of CO, laser output, the ideal
room temperature needed to be maintained between 23°C and 24°C. Operation at
such temperatures reduced the occurrences of a laser line hop. It had been previously
reported by Fejer that the major factor contributing to growth fluctuations was lack
of stability of the laser source. Hence, considerable effort was made to stabilize the
laser power [80]. The laser power was stabilized electronically by via a PID control
feedback loop. To avoid introducing additional optics in the beam path of the CO,
laser, a beam-splitter was not used to monitor the laser power. Instead, the laser
power was monitored by measuring a small fraction of the laser output through a
99.7% back-reflector in the COy laser cavity. This value was fed back into the PID
control loop which controlled the laser output by varying its operating voltage of the
laser. Using such an approach, power stability with fluctuations of less than +0.5%

over 15 hours of continuous operation was demonstrated.

Figure 5.3: Mode profile of CO laser

The Gaussian beam from the laser source was transformed into a collimated ring
using an axicon. This ring was then focused on top of the source pedestal using a
parabolic mirror. In the original Stanford LHPG apparatus, the axicon optic was a

reflaxicon. The reflaxicon consisted of a pair coaxial pieces of diamond turned copper
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conical pieces. The axes of the conical pieces were made to coincide with the axis of
the laser beam. The first cone, with its apex towards the laser, produced a diverging
ring. The second conical piece, which has the same apex angle as the first piece,
reflected this diverging ring, producing a collimated ring. Such an arrangement of
the optics can be referred to as a convex reflaxicon. The reflaxicon used by Nubling on
the LHPG apparatus at Rutgers consisted of a pair of coaxial ZnSe optics [24]. Using
ZnSe optics eliminated the need to support the first conical optic using a system
of spokes and struts which lead to some part of the ring being obscured. In this
modified reflaxicon system, the first optic had a Ag-coated diamond turned conical
depression at the center. The diverging ring produced by this optic was collimated
by a second coaxial Ag-coated conical ZnSe optic with the same apex angle. This
arrangement of the optics can be called a concave reflaxicon. Although the Ag-coated
ZnSe reflaxicon produced a very azimuthally symmetric annulus of heat, the quality
of the silver coatings degraded over time and had to be re-coated to maintain uniform
reflections from the surfaces. To overcome the need to recoat the optics, in the most
recent iteration of the LHPG apparatus, the use of a transmissive axicon system
was introduced [81]. This arrangement also simplified the optical system as each
component interacted with the laser beam only once.

Transmissive axicons or simply axicons are conical prisms which produce diverging
rings of constant thickness from a light source. The ring produced by such an optic has
properties very similar to Bessel beams and are non-diffracting and have non-evolving
transverse intensity distribution. The axicon system in the LHPG apparatus used in
this work comprised of two ZnSe axicons with matching o of 10° (made by ULO
Optics, Stevenage, UK). The optics were AR-coated for 10.6 ym. The laser beam
was incident on the first optic, which was 28 mm in diameter, producing a diverging
ring. The ring was then collimated by the second optic, which was 75 mm in diameter.

In the system, the axicons were placed coaxially, 120 mm apart. The common axis was
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made to coincide with the COy laser beam. The size of the diverging ring produced

by an axicon is given by the formula

d, = 2Ltan[(n — 1)a] (5.2)

where L is the distance between the two axicons, n is the refractive index of the
material of the axicon and « is the alpha angle for the axicon pair. Using this
formula, the size of the collimated ring was deduced to be about 60 mm. This was
independently verified by recording a burn pattern of the ring on a carbon paper.
Following the axicon pair, the ring was reflected up with a coated copper flat
turning mirror. The final optical component in the focusing system is a parabolic
mirror. The parabolic mirror focused the collimated ring into a tight spot on the
source pedestal to form the miniature floating melt zone. A parabolic mirror was
selected to avoid the spherical aberration issues that arise with using spherical mirrors
for such extended aperture sizes. A gold-coated parabolic mirror, (made by Thorlabs,
NJ) with a 25.4 mm focus was used as the focusing optic in the described set-up.
To initiate growth, both the seed and the source pedestal needed to be aligned
properly where the laser was being focused. To provide this freedom, they were
mounted on individual x-y translation stages. A belt-translation based system was
used for feeding the source and pulling the fiber. The belts were driven by brushless
servo motors (National Instruments AKM). To improve resolution and smoothness of
motion, worm gears were used in conjunction with the motors. The requirement for
the smoothness of motion of the belts during growth cannot be overstated. Discontin-
uous and jerky movement of the belt leads to the growth of fibers of poor quality with
significant fluctuations in diameter. These fibers, such as the one shown in Fig. 5.4,
are characterized by very high losses. The fiber was moved along a grooved metal-

lic block (or v-groove block) by the friction of the belt. Metallic blocks of different
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groove depths were used for guiding fibers of different diameter ranges. For fibers
with diameter less 500 pm, an additional guide-tube was used to prevent the fiber
from “wandering” off axis, in the plane perpendicular to the fiber growth direction.
This guide-tube would be placed between the molten zone and the v-groove block.
The guide-tube was chosen such that it was no more than 20 pym larger than the fiber

to prevent significant lateral movement.

100 microns

[

Figure 5.4: High-loss YAG SC fiber grown with discontinuous motor movement. Such
a fiber had a loss of 1 dB/cm.

The pulling rate of the fiber and the feeding rate of the source were controlled via
closed loop PID control. The diameter of the fiber was continuously monitored using
a laser micrometer (Model 162-100, Laser Gauge). The PID control was executed
via the same Labview program used to control the laser power. Without the active
closed loop growth, the grown fibers show a slow sinusoidal variation in diameter,
with variation of 15 um for 340 um diameter. However, when the feedback loop
was engaged, the diameter fluctuations for a similar growth were reduced to less than
+1 pm. Since the functioning of the PID loop for the automatic diameter control
was based on the value of the diameter read by the laser micrometer, care was taken
on the exact position the micrometer was monitoring. For proper operation of the
feedback loop, the micrometer needed to be set at the upper solid-liquid junction, i.e.

at the fiber growing interface. If the micrometer was set higher than the interface, the
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laser micrometer would be sending delayed data to the loop and hence the diameter
control would also act in a delayed manner. On the other hand, if the micrometer
was set lower than the interface, the reading would not be the true diameter of
the fiber, rather it would be higher due to the shape of the molten zone. Under
such circumstances, the calculated speed of translation of the source and/or the fiber
needed to be readjusted to reflect the true diameter reading of the fiber.

The imaging system, which was very critical in the alignment process, comprised
of two digital cameras along mutually perpendicular directions. The cameras provided
simultaneous highly magnified view of the molten zone along two axes. During the
alignment process, a third camera was temporarily used to provide a view from the

top, looking down along the direction of fiber growth.

5.3 Alignment of optical system

The quality of the SC fibers grown using the LHPG method depends largely on the
symmetrical shape and homogeneity of the melt zone. Asymmetric heating in the
melt leads to highly strained fibers of poor quality fibers which are characterized by
high transmission losses. Moreover, a non-uniform distribution of heat in the melt
leads to curved fibers which, very often, jam inside the fiber pulling mechanism and
stop growing altogether. Hence, proper alignment of optical components is central to
the growth process. However, conventional aligning techniques for visible and near-IR
lasers are not applicable in this situation, as the 10.6 pm COs laser is in the mid-IR
wavelength region. This means that typical IR visualization and alignment cards
do not work. Moreover, effects of different misalignment are difficult to distinguish
using carbon paper or imaging plates. Hence the effect of misalignments of each of
the optical components, which cause asymmetric heating of the melt, were simulated

using Zemax, a commercially available optical ray-tracing software. By isolating the
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misalignments causing the non-uniformity in the melt zone, it was possible to fine-
tune the optical alignment of the components [82].

As shown in Fig 5.5, two axicons, a turning mirror, and an on-axis parabola define
the optical system in its simplest form. The exact specification and spacing of each
optical component is described previously. The order in which objects interact with
rays depends on the object geometry, angle, and position of the input ray, rather than
the order of the objects in the system specification. This analysis technique allows
for future analysis of stray light and other effects on the system, as well as greater

flexibility in adding objects and detectors for better visualization and study.

Figure 5.5: The primary optical components in the LHPG apparatus. These four
components transform the Gaussian beam from the CO, laser to form a ring and
then focus it on top of a source bar.

The simulations look primarily at the alignment of the two axicons, as well as some
aspects of the parabola. The results of the simulations are shown in Figs. 5.6 through
5.11. An input Gaussian beam is used for all of the simulations. For Figs. 5.6, 5.7,
5.9, 5.10, and 5.11, the first column shows the intensity pattern on a plane placed 35

mm after the second axicon. The second column shows the intensity pattern when
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the observation plane slightly above the focus. The first axicon in the two-axicon
ring shaping system primarily affects the intensity distribution of the light in the
ring. This can be seen in the first column of Fig. 5.6. The intensity patterns in the
first column, which is 35 mm after the second axicon, will always look close in shape
to a ring. However, the farther that the observation plane is set, the more the error
in the axicon alignment can be seen. The second column contains the observation
plane roughly 1 mm before the focus. The shape and intensity of the ring output
looks appreciably altered by shifts in the first axicon. This is expected, as the axicon
being shifted indicates that the Gaussian beam is off-center from the axicon tip. The
axicon’s circular symmetric conical shape is what causes the diverging ring shape,
and therefore the case of a non-concentric beam and axicon leads to a non-uniform
ring distribution at the output.

The effect of shifting the second axicon is shown in Fig. 5.7. In the figure, it seems
as though the profile of the beam following the axicon system is unchanged. This is
true if the observation is located near the second axicon. However, as the observation
plane moves farther away, the beam shows more of the distortion caused by lateral
misalignment. Although Fig. 5.6 and Fig. 5.7 look similar, the sequences of images
are different in two important ways. Firstly, the left column in Fig. 5.6, which is a
cross-section of the beam 35 mm after the second axicon, changes significantly with
a shift in the first axicon. This differs from the left column of profiles shown in Fig.
5.7. In this case, the profile following the first axicon is fixed to be that of a properly
aligned first axicon. Secondly, the right columns of Fig. 5.6 and Fig. 5.7, being
very similar to one another, illustrate an important concept in the alignment process:
it does not suffice to look at only one plane when aligning the system. The focal
plane cannot distinguish between a shift in the first axicon, and other observation
planes are necessary to determine the cause of the distortion. Once aligned, the first

axicon evenly distributes the laser radiation in the characteristic ring shape, and can
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therefore remain fixed to simplify alignment. This is very important in saving time

when aligning, and considering the error in alignment of the practical system.

o
50 pm
shift
200 pm
shift
500 pm
shift

Figure 5.6: Effect of lateral displacement of first axicon.

We see that it is relatively simple to get a cardioid at the focus, by simply shifting
the second axicon half a millimeter in the simulated setup. When the second axicon
has a considerable misalignment, the cardioid can be seen very easily. Such an exag-
gerated situation is shown in Fig. 5.8, where the second axicon is laterally misaligned
by 2.09 mm.

In addition to lateral displacements and misalignments, the axicons can also be
tilted with respect to one another. The effect of tilting the first axicon has a similar
effect as tilting the second axicon. However, something to note is that tilts of the
first axicons have a significantly smaller effect on the output characteristic of the

focus, as compared to tilts of the second axicon. The ring near the output of the two-
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Figure 5.7: Effect of lateral displacement of second axicon.

Figure 5.8: Effect of excessive lateral misalignment of the second axicon.
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axicon ring shaping system is almost identical in these cases. But again, a noticeable
difference is observed if the imaging plane is farther away. As evident in Figs. 5.9 and
5.10, the effect of tilting the second axicon, has a stronger effect on the focal shape

and intensity than the first axicon.

No tilt

1° tilt

37 tilt

5% tilt

Figure 5.9: Effect of tilt of first axicon.

One interesting effect is the consequence of shifting or tilting the parabolic mirror.
Although the ring focus should not be significantly affected by a shift along the
parabola, there in fact is some change in the distribution, as shown in Fig. 5.11. The
translational misalignment of the parabolic mirror causes an asymmetry in the heat
distribution about the ring without affecting its shape. However, tilting the parabola
changes the shape of the ring significantly. Similar to the effect of a shift in the

axicons, a small amount of tilt causes the ring to distort into a cardioid. The cusp



No tilt
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Figure 5.10: Effect of tilt of second axicon.
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of the cardioid is in the direction which is lower than the horizontal plane. Proper
alignment of the parabolic mirror is very important as not only does the tilt change
the shape and intensity distribution of the focal ring, a small tilt moves the focus

significantly.

no shift

1 mm
shift

3mm
shift

5mm
shift

Figure 5.11: Effect of lateral shift of the parabolic mirror.

The results obtained from the simulations could be clearly seen in practice while
aligning the optical components. In the images of Fig. 5.12, the first and the third
column show the molten zone on top of the source from two mutually perpendicular
sides. The second column shows the molten zone when viewed from the top. In Fig.
5.12b, the cardioid shape of the focus can be clearly seen. It was determined that
this was caused by the angular misalignment of the parabolic mirror. In Fig. 5.12e,

it can be clearly seen that the ring is thicker on one side than the other. This is due
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to the translational misalignment and tilts of both the first and the second axicon.
The tilts in this particular case dominate the shifts, as evident from the image. It
should be noted that even though the side views in the upper row (Figs. 5.12a and
5.12¢) seem symmetrical, the cardioid shape of the focus doesn’t reveal itself unless

viewed from the top.

Figure 5.12: Photographs of focus on a 340 pum source. The two rows show two
different cases. The first and third columns show the source from the side. The two
sets are recorded on cameras orthogonal to each other. The second column shows the
view of the source from the top

The approach for aligning the optical system is sequential. A He-Ne laser beam,
coaxial with respect to the CO, laser beam, is used to aid the alignment process.
When all the optical components are properly aligned, the molten zone on top of the
source bar should look like a symmetric ring as shown in Fig. 5.13 when viewed from

the top.
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Figure 5.13: Photograph of symmetric focus achieved on a 340 pm source by fine-
tuning alignment of components.
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Chapter 6

Loss Measurements

Attenuation represents one of the most significant characteristics of an optical fiber.
Attenuation is the reduction in intensity of a signal as it travels through an optical
fiber. The lower the attenuation losses are in an optical fiber, the lower will be the
energy lost during transmission through the fiber. The optical power propagating in
a fiber decreases exponentially with length. The attenuation losses can be mathe-
matically expressed in terms of Beer’s law which relates attenuation to the properties
of material through which the light is propagating. The expression for transmission

losses is given as

10 Pout

a = —Tlog( P

) (6.1)

where P, and P,,; represent the power at the input and output of the fiber. The
losses are expressed in the form of decibels per length where length is in the unit
of 1. The origin of transmission losses has been discussed in a previous chapter. In
general, the total attenuation losses are a sum of scattering, absorption and bending
losses. Several factors determine the total losses in a fiber. These include wavelength
of light, refractive indices of core and cladding, shape and size of core and cladding,
etc.

Attenuation can be measured by two different methods, cutback method and
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insertion loss method. The cutback method is a destructive technique of determining
the optical losses in a fiber. For the determination of attenuation coefficient of a fiber
by cut-back method, the power output through a long piece of fiber is measured.
Then the fiber is cut at a position near the launch end and the power output of the
short section is measured. The power outputs of the long and the short sections are

compared to yield the losses due to the residual section.

10 P
= Jog( 2 6.2
o LI_LQOQ(a) (6.2)

where P; and P, represent the output power through the initial and cutback sections
respectively, and L; and Ly represent the length of the initial and cutback sections
respectively. The principle advantage of the cut-back method is that it allows for the
measurement of losses without introducing errors due to changes in launch condition.
Coupling efficiency of a laser into a fiber is affected by different factors like the launch
angle, polish of the fiber end face, focal length of coupling lens, etc. Effect of such
variations on the measurement can be avoided by using the cutback method as it
preserves the launch conditions between the initial and cutback sections. However, in
spite of this advantage, the cutback method posed two major difficulties in measuring
losses in SC fibers. The cutback method is a destructive method, so lengths of fibers
are lost during the measurement process. The SC fibers grown for the study had
very limited lengths, usually about 70 cm or less. Hence, a destructive method of
measurement was not preferred. The cutback method is suitable for glass fibers as
these fibers cleave to form clean flat faces with negligible surface roughness. However,
cutting SC fibers mostly does not yield cleanly cleaved faces and require further
polishing. This, along with the limited length of the fiber, would require the removal
for the fiber from the attenuation measurement apparatus. Removing the fiber out of

the set-up would void the advantage of uniform launch condition between the initial
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and cutback sections. Due to these drawbacks, measurement of insertion losses is
preferred for SC fibers.

In the insertion loss technique, for a section of fiber, the corrected power at input
and output are considered to measure the attenuation coefficient. The correction is
due to Fresnel reflection at the fiber faces. For normal incidence in air, the fraction

of power reflected at the interface is given by

R= (Z:f (6.3)

where n is the refractive index of the material. Hence if P, is the power measured

after the coupling lens, then the power coupled into the fiber cannot exceed (1 —
R) Pjens. Similarly, if the power measured at the output of the fiber is given by P,
the power at the end of the fiber would be given by P, /(1 — R). For insertion loss
measurement, the coupling efficiency also needed to be considered. The correction due
to the Fresnel reflection at different wavelengths are calculated in Table 6.1. These
values were calculated based on the refractive index of YAG at different wavelengths
as given in Fig Y. Using the corrected values for the power, the attenuation coefficient

can be calculated using the following equation

10 P,:/(1 —R)
ap = —7l0g <m> (6.4)

where k is the coupling efficiency of the laser into the fiber. Depending on the beam
quality of the laser source and the diameter of the fiber, the value of k varies. However,
for fiber with diameter greater than 200 microns, its value can be assumed to be unity.

Attenuation measurements of the crystal fibers were made at different wave-
lengths. The principal wavelengths used were 532 nm, 660 nm, 808 nm, and 1064
nm. Several measurements were also carried out at 1908 nm and 2940 nm. The

characteristics of these laser sources are described in Table 6.2 .



Wavelength | YAG refractive index R 1-R
532 nm 1.838 0.087 mrad | 0.913
661 nm 1.827 0.086 mrad | 0.914
808 nm 1.821 0.085 mrad | 0.915
1064 nm 1.814 0.084 0.916

Table 6.1: Correction due to reflectance at different laser wavelengths

Wavelength Maximum Divergence Beam Source
Output Power Diameter
532 nm 50 mW <1.5 mrad 1.2 mm | Opto Engine
661 nm 150 mW <1.0 mrad 1.1 mm Vortran
808 nm 100 mW <1.0 mrad 3.5 mm | Opto Engine
1064 nm 210 mW <1.5 mrad 1.5 mm | Opto Engine
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Table 6.2: Lasers used for loss measurements

The laser source was coupled into the fiber using a 9 cm focal length borosilicate
lens. Due to the high refractive index of YAG and the absence of a cladding layer for
the SC fibers, the theoretical numerical aperture of the YAG fibers is very high. This
allows for the acceptance of light at all angles into the fiber, allowing propagation for
all angles more than 33°.

For a straight section of fiber, the total attenuation is a result of absorption
and scattering. The scattering contribution, which represent a major fraction of the
losses, originate from factors like bulk scattering, surface roughness and fluctuation
in fiber diameter. A two-inch integrating sphere (Thorlabs 1S200) with a silicon
photoconductive detector was used to measure the scattering contribution to the
total losses at different wavelengths. Using the same method described in the total
attenuation measurements, the laser beam was coupled into the YAG SC fiber and
the scattering sphere was moved along the length of the fiber, recording the scattering
values every 5 mm. Unlike similar studies for glass fibers, no index-matching fluids
were used at the output end of the fiber. Because of the high refractive index of
YAG, obtaining refractive index matching fluids was difficult and hence the output

end was left exposed to air. This introduces higher scattering at the output end due
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to light reflected from the output end face of the fiber. The loss due to scattering

was calculated using,
dl; = —I(x)asdr = —Ilyexp(—oux)asde (6.5)

where dI is the intensity of light captured in the integrating sphere with diameter
dx = 5.08 c¢m; I(x) is the intensity of the light at position x along the fiber; «ay is
the total attenuation losses in the fiber. I(x) was calculated by considering the power

coupled into the YAG SC fiber and the total attenuation of the fiber.

6.1 Results for 330 ym SC fibers

As stated earlier, one of the biggest obstacles in fabricating a single-crystal based fiber
laser has been the high attenuation losses associated with SC fibers. Fibers grown
during the initial period of the project were characterized by very high losses, usually
no less than 10 dB/m. These fibers displayed poor crystal quality and significant vari-
ation in diameter and fiber geometry. Some samples even exhibited internal cracking
due to large amount of strain. The poor quality which resulted in high losses was
due to a combination of different factors like poor optical alignment, inconsistencies
in the fiber pulling mechanism, and instability of the COs laser power. A impor-
tant observation that was noted for these fibers was the almost monotonic increase
of scattering losses down the length of the fiber. Such an observation was highly
suggestive of large scattering losses by coupling of power into higher order modes.
From a simple geometrical point of view, imperfections in the crystal bulk and on
the fiber surface modify the conditions for total internal reflection of the guided rays
until the conditions are not satisfied anymore. At this point, the light is not guided
anymore and is lost through the surface of the fiber as scattered light. This effect is

cumulative and causes the steady increase of the scattered power along the length of
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Figure 6.1: Scattering losses along the length a 79-cm long 330 pum diameter YAG
SC fiber at 1064 nm

the fiber.
The scattering loss in one such high-loss YAG SC fiber is shown in Fig 6.1. Al-

though the measurement was done at 1064 nm, it was representative of the scattering
behavior at other wavelengths as well. This particular sample was a 79 cm long un-
doped YAG SC fiber with a 300 pm diameter. The attenuation losses of this fiber
were measured to be 28.68 dB/m, 22.13 dB/m and 15.97 dB/m at 532 nm, 635 nm
and 1064 nm, respectively. The scattering losses in this fiber exhibit an increasing
trend along the fiber length, indicating the loss of power by coupling to higher order

modes.
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For the fiber described in the previous section, a 15.97 dB/m means that neglecting
loss due to coupling, only 2.5% of the optical power launched into the fiber can
measured at the output. At such high losses, these fibers cannot be used in any
practical applications. Hence quality of the fibers had to be improved drastically to
continue to explore the idea of using these fibers as active media for high power lasers.
Since then, major modifications were applied to the LHPG system to improve the fiber
quality. The most significant of the changes was the application of a double axicon
optical system in place of a reflaxicon system. Observable changes in fiber quality were
observed when the axicon system was commissioned. Improving the power stability
of the CO;y laser also contributed to the improvement of the fiber quality. These
changes, along with optimizing the alignment of the optical components, allowed for
the consistent growth of YAG SC fibers with losses less than 1 dB/m.

One of the fibers that stood out in terms of quality was a 1m long 335 pm diameter
undoped YAG fiber. The attenuation losses for the fiber at different wavelengths is
shown in Fig 6.2. At 1064 nm, the fiber had a loss of 0.3 dB/m, which means only 7%
of the light launched into the fiber was lost. This is a stark improvement compared to
the high-loss fiber described earlier. The remarkable consistency of the fiber quality
over the entirety of its length was borne out in the scattering measurement as it did
not show a strong increase in loss along its length (see Fig. 6.3). The scattering losses
remained fairly constant at less than 0.2 dB/m for the majority of the length of the
fiber.
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Figure 6.2: Total attenuation losses for a 1 meter long 330 ym diameter YAG SC
fiber at different wavelengths
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Figure 6.3: Scattering losses in a 1 meter long 330 pum diameter YAG SC fiber along
its length at 1064 nm

Using the improved optical alignment, low-loss doped YAG SC fibers were grown
as well. Since a lot of the lasing experiments were focused on lasing transitions in
Ho3* ions, 0.5% Ho:YAG fibers were grown. It is worth mentioning here that since
the Ho®* ion absorbs at 532 nm and in the red, attenuation measurements were
limited to 808 nm and 1064 nm. The lowest loss measured for a 0.5% Ho:YAG fiber
was 0.6 dB/m, which is comparable to the losses in the undoped fibers. The lasing

characteristics of low-loss 0.5% Ho:YAG SC fibers are described in a later chapter.

6.2 Results for 120 ym SC fibers

The losses in 120 um fibers were lowered considerably over the course of the entire
work with ultimate losses well below 1 dB/m. Previous works have indicated that

the total loss scaled with the diameter of the fiber [80]. The total attenuation losses
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increased with decreasing fiber diameter. A possible explanation for this is likely
due to increased scattering losses. The number of bounces of light while being wave
guided through a smaller diameter fiber is more than that of a larger diameter. Since
the SC fibers are not clad, increased number of bounces increases the scattering losses
in the fibers. Growing SC fibers with diameters of the order of 120 ym was also more
involved compared to fibers of 340 pum, as this requires more precise alignment of
the optical components to obtain a more uniform focus of the CO4 laser beam. The
improvements in alignment were assisted by the results obtained from the simulations
using the optical ray-tracing software described in a previous section. Using improved
alignment of optical components, attenuation losses have been reduced from about 10
dB/m to less than 1 dB/m. To date, the lowest measured loss for a 120 mm diameter
YAG SC fiber at 1064 nm is 0.3 dB/m. The attenuation losses measured at different
wavelengths for a different 30 cm long, 120 pm diameter YAG SC fiber is shown in
Fig. 6.4 The error bars indicate changes in measurement due to varying power and
coupling into the fiber. The figure shows an increasing total attenuation loss in the
fiber with decreasing wavelength. The increase in total attenuation losses in the fiber
with decreasing wavelength is mostly due to increased scattering losses. The losses

appear to have a A=2* dependence on wavelength.
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Figure 6.4: Total attenuation losses for a 30-cm long 120 um diameter YAG SC fiber
at different wavelengths
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Figure 6.5: Scattering losses in a 30-cm long 120 um diameter YAG SC fiber along its
length at three wavelengths, 532 nm (top), 660 nm (middle) and 1064 nm (bottom).
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Figure 6.5 shows the scattering losses along the length of a particular fiber mea-
sured at three different wavelengths. In the figure, the curves from top to bottom
show scattering at 532 nm, 660 nm and 1064 nm respectively. For this particular
fiber, the total attenuation losses are 2.1 dB/m, 1.4 dB/m and 0.9 dB/m at 532 nm,
660 nm and 1064 nm respectively. The scattering data at both wavelengths shows
increased losses at about 12 cm and 19 c¢m along the fiber. The increased scattering
losses in these sections of the fiber was due to “hotspots” or pronounced defects in
the fiber. Scattering also increased along the length of the fiber. In general, the 120
pm fibers displayed a consistent increase of losses with increasing length. While fiber
sections with length less than 20 cm consistently showed losses of less than 0.5 dB/m
(at 1064 nm), longer fibers displayed higher losses. This is likely to be due to increase
in radiation losses along the length of the fiber. Fluctuations in the fiber diameter
can cause initially bound rays to become leaky as they are propagating down the fiber
and lose power by radiation. The 120 pm fibers showed a diameter variation of about
1.5% which is considerably higher than the 330 um fibers which showed a variation
of about 0.5%. This is the likely reason behind the higher length dependence of the
small diameter fibers.

As evident from Fig. 6.5, scattering losses increased with decreasing wavelength.
The intensity of scattered light varies as A™", where n depends on the particular
mechanism of scattering. Depending on the size of the scattering species, n can be
4 for Rayleigh scattering, 2 for Rayleigh-Gans scattering, and 0 for Mie or Tyndall
scattering. In our case, it is seen that the best fit is a A™%% dependence suggesting
that the scattering occurs due to Rayleigh-Gans scattering. However at this point,
we do not have any more details about the scatterers.

As a part of the lasing characteristics experiment, 0.5% Ho:YAG SC fibers were
also grown at 120 pum diameter. Calculations regarding the optimum length to 0.5%

Ho:YAG SC fiber required for maximum lasing output show that length required was
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no more than 20 centimeters. Hence the lengths of 120 pum 0.5% Ho:YAG SC fibers
were limited to 25 cm. For these lengths, the losses measured in the doped YAG
fibers at 1064 nm were in good agreement with undoped fibers of similar diameter.
For example, a 17.5 cm long 0.5% Ho:YAG SC fiber showed a loss of 0.5 dB/m.
Optical fibers demonstrate additional losses when bent. The losses due to bending
increase sharply if the bending radius is smaller than a critical value. The critical
radius of bend is typically smaller for higher order modes. The SC fibers grown for
this project are highly multimode in nature and as expected their losses increase on
increasing the curvature of a bend. The change in attenuation losses (at 1064 nm)

for a 30-cm long 120 pm diameter YAG SC fiber with increasing curvature is shown

in Fig. 6.6.
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Figure 6.6: Increase in losses in a 30-cm long 120 pum diameter YAG SC fiber with
increasing curvature of bending.
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Chapter 7

Cladding a Single Crystal Fiber

A step-index optical fiber is the most extensively used form of an optical waveguide.
It consists of a central core region, clad by a layer of dielectric material of a lower
refractive index. Such an arrangement causes the light to be confined in the core
region by total internal reflection at the core-cladding interface. In most practical
applications, the fiber must be supported. Direct contact of the fiber core surface with
the supporting structure may modify the condition for total internal reflection and
thereby affect waveguiding in the fiber. The presence of the cladding layer prevents
such a situation, as the interface at which the total internal reflection takes place is
shielded from external contact. Additionally, the presence of the cladding layer also
prevents light from leaking between individual fibers in fiber bundle. In most optical
fibers the cladding layer is chosen such that its refractive index is slightly lower than
that of the core. In other words, if n; and ny are the core and cladding refractive

respectively, then the index step, A, is very small. A is defined as

A=1TT2 (7.1)

ni

Under such condition, the optical modes propagating in the fiber can be assumed

to be weakly guided. This assumption simplifies the mathematical analysis of the
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modes in the fiber, allowing simple approximate solutions for the cut-off conditions.
Furthermore, in multimode step-index fibers, dispersion increases as A increases. So
even though a smaller value of A decreases the acceptance angle for the fiber, it is
preferred for multimode fibers as it preserves pulse shape.

While the single clad structure is well-suited for telecom and low power active
fibers, it is not sufficient for high power active fibers. For a lot of applications,
a single mode diffraction limited output is desirable from fiber lasers. For single
clad active fibers, such a condition limits the option of pump sources to diffraction
limited sources, which are normally low-power sources. While increasing the size of
the core would allow pumping by high power sources, output mode quality would be
sacrificed. A double clad fiber geometry solves this problem by allowing cladding-
pumped configuration where the pump laser is coupled into the inner cladding. As
the pump wavelength propagates through the fiber, it excites the laser active ions
in the core, leading the emission at laser wavelength. The laser beam, unlike the
pump beam, is confined to the smaller core region, thereby maintaining a good mode
quality at the output. The inner cladding is usually much larger compared to the
core region, resulting in a very high numerical aperture for these fibers. The large
numerical aperture allows for the pumping by cheap broad area pumps like diodes.
The pump light is not required to be coupled into the end faces but can also be side-
pumped into the fiber where the pump sources are perpendicular to the laser beam
direction.

In conventional glass fibers, the core and the cladding region of the fiber are drawn
simultaneously. A monolithic fiber preform, composed of higher refractive index core
rod and lower refractive index outer tube, is used as the starting material for an
optical fiber. The preform is softened by a furnace and drawn to a small diameter
fiber. In the softened state, the high viscosity of the glass phase prevents the mixing of

the core-rod and outer-tube regions, thereby transferring any cross-sectional geometry
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from the preform to the fiber. As glasses have relatively open structure, it is relatively
easy to modify properties like refractive index and thermal conductivity in glasses by
introducing suitable dopants. However, the growth of a core-clad structured fiber is
not straight-forward in the case of SC fibers. During the growth of such fibers, the
melt from which the fiber is pulled is in a true liquid state. The low viscosity in the
liquid melt, tends to homogenize the composition of the melt and hence of the pulled
crystal. Diffusion in the melt leads to a uniform melt which restricts the transfer
of any refractive index profile from the preform to the drawn fiber. This difficulty
in growing a true core-clad structured single crystal has been one of the principal
challenges in developing a SC fiber laser system. In the following sections, a few

different approaches to cladding SC fibers have been discussed.

7.1 Glass Clad SC fiber

For a functional step-index fiber, the cladding layer needs to have a refractive index
slightly lower than that of the core region. Since refractive index of glasses can be
easily modified by introducing ions like boron, aluminum, etc., the idea of designing a
glass composition with a refractive index slightly lower than that of YAG and cladding
SC fibers with that glass has generated a considerable amount of research interest.
One idea to achieve this goal would be to form a preform with a SC rod and a glass
tube. The composition of the glass is chosen such that not only is its refractive index
slight lower than the crystalline core material, but the coefficient of thermal expansion
of the glass also matches that of the crystal. When such a preform is introduced into
a fiber pulling apparatus, the limited solubility of the core material in the glass layer
prevents the homogenization of the composition and transfers a core-clad structure to
the drawn fiber. During the drawing process, the high viscosity glass cladding layer

acts as a crucible where the core is melted. As the fiber is grown the molten core
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and the glass “crucible” form the core and cladding of the fiber respectively. This
technique also allows the core rod in the preform to be replaced by a densely packed
column of powder which can form the molten core. While there is some dissolution of
the core into the cladding, this method does yield long lengths of fibers with a stable
core-clad geometry.

While alumina molten-core crystal fibers have been well documented, drawing
YAG molten-core crystal fibers is fairly difficult to achieve. This is perhaps due to
the crystallographic complexity of YAG and the dissolution of high amount of silica
into the core. However, Huang et al have demonstrated the Cr:YAG molten core fibers
for broad band amplifiers using their co-drawing LHPG (CDLHPG) technique [83]
(see Fig. 7.1). While most of the other efforts using a similar configuration have
yielded all-glass fibers [84], their group was able to verify crystallinity of the core
region with transmission electron microscopy [85]. For smaller core sizes, these fibers
displayed a core diameter variation of around 20%, which perhaps explains the high

transmission losses in these fibers (>30 dB/m at 1550 nm) [83].

Figure 7.1: Cr**:YAG double-clad crystal fiber fabricated by the sapphire tube as-
sisted CDLHPG technique. [83] (Reprinted with permission)

A second approach to glass cladding a crystal fiber would be to apply a cladding

layer on an already grown SC fiber. A glass-cladding can be obtained either by extru-
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sion or by a deposition process (like OVD or ion sputtering) followed by vitrification.
Using the extrusion method, Digonnet et al. were able to clad 125 pm Nd:YAG SC
fibers with high index glass with an index step of 0.048 [86]. Recently, Shaw et al.
have demonstrated glass cladding of Yb:YAG SC fibers using a post growth cladding
technique [87]. They were able to demonstrate a 230 pum double-clad fiber with a 35
pm core. The properties of the inner cladding glass was tailored to be make the index
step less than 0.002. Fiber quality grown by this technique was not very good and
the fibers showed fairly high losses (about 15 dB/m).

7.2 Crystal clad SC fiber

While the properties of glasses can be tweaked heavily by modifying their composi-
tion, they cannot be made to completely mimic crystalline materials. Crystals and
glasses are different classes of solids which are defined by vastly different physical
properties. The lack of a long-range ordering in glasses affects their thermal and
mechanical properties significantly. Such a disparity in properties renders the glass
claddings incompatible for crystal fibers for high temperature applications. Hence
for high power fiber laser applications, glass clad SC fibers have found limited suc-
cess. This has turned the focus on the development of a crystalline cladding for SC
fibers. However there are serious challenges is growing an all-crystalline core-clad
fiber. While crystals have high thermal conductivity that is essential for high power
applications, unlike glasses, properties of crystals cannot be easily modified by intro-
ducing dopants. Introduction of dopants in crystals usually occurs via substitution of
ions in the lattice and is not kinetically very favorable and generally requires highly
sophisticated techniques to succeed. Hence the choices of cladding material is very
limited. Nevertheless, there have been various attempts to fabricate an all crystal

core-clad structure. Mu et al. were the first to demonstrate such a structure [88].
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There were able to fabricate a rectangular crystal waveguide by bonding undoped
YAG bars to a 40 um doped YAG core crystal using adhesive-free bonding technique.
Using the same technique, they were able to fabricate a double-clad structure with
an outer cladding of spinel. The index step A at the inner and outer interfaces were
0.002 and 0.113 respectively. Using such a structure, they were able to obtain a laser
output with slope efficiency of 78%. While such a structure was demonstrated to
function as a laser, it was not a true crystal fiber waveguide. The structure was very
rigid and not amenable to coiling like regular glass fibers.

Approaches to growing all-crystal core-clad fibers can be broadly classified into
two categories:
i. Post-cladding techniques
ii. In-situ cladding

Post-cladding techniques, as the name suggests, involve the growth of the cladding
layer on an already grown SC fiber. In-situ cladding, on the other hand refers to the
approach of obtaining a transverse refractive index by manipulation of ions while the

crystal fiber is being grown.

7.3 Post-cladding techniques

One of the principal challenges in growing a crystalline cladding layer on crystal fibers
is due to the curved growth surface. Such a cylindrical geometry makes is difficult
to use traditional physical deposition processes like sputtering, pulsed laser deposi-
tion, molecular beam epitaxy, etc. Efforts have been made to use such techniques by
rotating the fiber along its axis during the deposition process. While theoretically
such an approach seems very favorable, in practice it is very difficult to execute, often
leading to considerable fluctuation in cladding thickness along the fiber length. On

the other hand, chemical vapor deposition (CVD) techniques yield conformal coating
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and would be ideally suited for growing a crystalline cladding on the fibers. However,
CVD processes for mixed oxides usually require complex starting chemicals and pre-
cise control over flow rates of the chemicals, making such processes very involved and
expensive. While it is possible to devise experiments to investigate the feasibility of
CVD processes in fabricating crystalline cladding for SC fibers, such studies require
considerable planning and capital. And unsurprisingly, no such study has been re-
ported to date. All these limitations have led to the exploration of solution based

techniques to grown a crystalline cladding.

7.3.1 Sol-gel Cladding

Among the post-cladding techniques, sol-gel derived claddings have been extensively
studied under this project. Sol-gel processing can be described as the wet-chemical
processing of ceramic material by preparation of a colloidal sol, gelation of the sol
and subsequent removal of the solvent. In this process, nanoparticles suspended in a
solution condense to form networks upon the slow removal of the solvent phase. The
network of particle grows with time and temperature, forming a gel, a continuous
solid with fluid phase of colloidal dimensions. Structures of different shapes can be
achieved by allowing the gelation of a sol in molds or different substrates. As the gel
ages more, more liquid from the pores is expelled and the solid phase shrinks and
dries. The dried gel is amorphous and crystallizes when heated. For the production
of pore-free ceramic, treatment at higher temperature and longer period is required to
affect sintering of the ceramic material. A flow diagram of the sol-gel coating process
is shown in Fig. 7.2.

The principal advantage of the sol-gel processing technique lies in its simplistic
nature. A huge variety of ceramic materials can be produced at low temperature,
starting from rather simple chemicals. Since this process does not involve the use

of sophisticated apparatus, it is a low-cost technique that can be performed in a
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Figure 7.2: Flow diagram of a sol-gel film coating
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simple chemical laboratory. Additionally, the sol-gel technique allows for conformal
casting of the gel on substrates of random shape by the process of dip-coating. In its
simplest form, sol-gel dip-coating involves the introduction and controlled withdrawal
of a substrate in a sol. Subsequent gravitational draining, evaporation of solvent
and condensation of the gel network result in the deposition of a solid film on the
substrate. By varying the speed of withdrawal or changing the physical properties
of the sol (like viscosity, surface tension and density), the thickness of the deposited
layer can be controlled [89]. The schematic of a dip-coating set-up is shown in Fig.
7.3. Compared to other thin film deposition techniques like sputtering or CVD, the
sol-gel dip-coating process does not require complicated instrumentation and hence

is much simpler and cheaper.
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Alumina Sol-gel

Alumina, whose synthesis via sol-gel method has been well-established in literature
was explored as a cladding material for YAG SC fibers. Since the refractive index of
alumina is less than that of YAG (1.75 at 1064 nm), alumina could be considered for
the cladding process.

Crystalline alumina was obtained through the sol-gel route by starting with alu-
minum sec-butoxide (ASB) as the precursor [90] (see Fig. 7.4 for flowchart). ASB
was added to water at 75°C in the molar ratio of 1:100 (ASB to water). The hydrol-
ysis of ASB raised the temperature to about 90°C and the mixture was held at this
temperature for 15 minutes. Nitric acid was then added to the mixture to affect pep-
tization. The molar ratio of HNO3 to ASB was 0.3:1. The solution was maintained at
the same temperature until it concentrated to half its original volume. The obtained
alumina sol could be utilized for dip-coating or it could be dispersed in an ethanol
solution to modify its surface tension. Ethanol was added in the molar ratio of 2:1 to
ASB and the solution was vigorous shaken for thirty seconds and then ultrasonicated
for 5 minutes. Cleaned fibers were dip-coated with the sol and allowed to age and
dry for 24 hours after which they were dried in an oven for 30 minutes to expel any
remaining moisture. Finally the coated fibers were sintered at 800°C for 10 hours.

Figure 7.5 shows an alumina-clad 120 ym YAG SC fiber.



Aluminum sec-butoxide (ASB) +
water (1:100 molar ratio)

Nitric acid added Stirred for 15
0.3:1 molar ratio minutes at 85°C
of HNO,:ASB
Ethanol added
Shaken 2:1 molar ratio of
vigorously for 30 ethanol:ASB
seconds
Ultrasonicated
for 5 minutes

Alumina sol

Figure 7.4: Flowchart describing preparation of alumina sol-gel

Figure 7.5: Alumina sol-gel deposited layer on a 120 pm YAG SC fiber
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YAG Sol-gel

Unlike the case of an alumina sol-gel derived cladding, most physical properties of
the sol-gel derived YAG cladding were very similar to that of the YAG crystal fibers.
The extent of match of the properties of the core and the cladding layer depended on
the densification of the sol-gel derived layer. Properties like thermal conduction and
refractive index of the cladding layer were usually lower than that of the crystalline
layer due to its porosity. In decrease the porosity in the cladding layer, it had to be
treated at higher temperatures for longer duration.

YAG sol was synthesized using the glycolate sol-gel route, starting from metal
acetates [91] (see Fig. 7.6. for flowchart). The sol-gel method offered excellent
homogeneity through thorough mixing of starting materials. Moreover, the formation
of extended networks in the gel phase due to the condensation of partially hydrolyzed
species facilitated structural evolution and lowered the crystallization temperature.
YAG was derived by the hydrolysis and condensation of yttrium oxide and aluminum
nitrate by an acetate-glycolate path. Yttrium oxide was refluxed in 0.02 M acetic acid
at 60-70°C for 6-8 hours to yield yttrium acetate. Aluminum nitrate was added to the
solution and the solution was constantly stirred at 70°C for 2-3 hours. Finally, ethyl
glycolate was added and the final solution was kept at the same temperature, slowly
evaporating the dissolved water to raise the viscosity of the precursor sol. Although

the viscosity was allowed to increase considerably, gelation was not reached.



Y,0,+0.02 M CH,COOH

Refluxed at 60°C
AI(NO;);.9H,0 for 6-8 hours
added
Stirred for 2 hours
at 70°C
Ethylene glycol
added Slow evaporation
at 70°C but not
allowed to gel
YAG sol

Figure 7.6: Flowchart describing preparation of YAG sol-gel
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The YAG sol was applied to a SC YAG fiber, using a dip-coater illustrated in
Fig. 7.3. Before dip-coating, the fiber was first cleaned with de-ionized water and
then with isopropyl alcohol. The dip-coating was done at a withdrawal rate of 7.5
cm/min. The fiber was then left to dry in air for 10 hours. After this, it was put in
an oven held at 130°C for 60 minutes to dry. After drying, the fiber was sintered in
air at 1000°C for 14 hours to remove any remaining organic material from the sol-gel
precursor. This entire process was repeated for each layer. Multiple dip-coating cycles
were performed to increase the thickness of the sol-gel derived layer. To maintain a
consistency between the layers, the same batch of sol-gel was used for all the dip-
coating cycles and the withdrawal rate for the dip-coating process was kept the same.
Figure 7.7 shows a micron-thick sol-derived YAG layer deposited on to a 330 pm YAG
SC fiber. A side view of the same sol-gel YAG clad fiber is shown in Fig. 7.8. The
image shows a consistent crack-free layer of YAG on the YAG SC fiber.

Despite the success in using the sol-gel method to obtain crack-free cladding layers,
there were two major problems with this technique. Firstly, unlike reported in some
studies [92], there were no significant improvements in the attenuation losses of the
sol-gel clad fibers. Secondly, thickness of the sol-gel layers never exceeded more than
a couple of microns. The thickness of the layer could be increased up to a certain limit
by successive dip-coating cycles. But beyond this point, additional increase in layer
thickness caused cracking of the cladding layer. The cracking could be attributed to
the internal stress when the accumulating layers were too numerous. With increasing
number of layers, possibility of imperfections due to thickness variation, inhomoge-
neous organic material removal, contamination, etc. also increased, thus raising the
possibility of development of fissures. This severe limitation in cladding thickness has
completely throttled the idea of the development of a double-clad fiber structure that
is so essential for high power laser applications. This has led to the exploration of

alternate technique to obtain a cladding layer for the SC fibers.
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Figure 7.7: SEM image showing YAG sol-gel deposited layer on a 330 pm YAG
SC fiber. The layer was obtained by 10 successive application of the dip-coating
procedure.

300 microns

Figure 7.8: YAG sol-gel deposited layer on a 330 um YAG SC fiber
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7.3.2 Liquid Phase Deposition

Liquid phase deposition (LPD) is another low temperature approach in which a crystal
can be deposited onto a substrate without the requirement of any special apparatus. It
is a single step process where conformal layers with thickness of a few tens of microns
can be deposited on substrates. Thickness of the deposited layer can be controlled by
varying the reaction parameters like pH, temperature, etc. [93]. Germanium dioxide
(GeOs) or germania was selected as the material for cladding due its suitable optical
and thermal properties. GeO, has a broad optical transmission window, transmitting
from the NIR wavelengths to far out in the MIR wavelengths. It has a coefficient of
thermal expansion close to that of YAG [94] and in its crystalline form, it has a high
thermal conductivity.

Electronic grade GeOs was dissolved in a 1.4% ammonium hydroxide solution at
85°C with constant stirring. Substrate samples were introduced into this basic final
solution where ammonium hydroxide was about 5% w/w. The pH value of the solution
was slowly adjusted to 2 by adding dilute sulfuric acid to affect the precipitation of
GeOs. The samples were left undisturbed for 3-4 days and then taken out and dried
in air and finally heated to 150°C to drive off the moisture. This entire procedure
left a thick and uniform layer of crystalline GeO, on the substrates (see Fig. 7.9, Fig.
7.10, and Fig. 7.11).

While the liquid phase deposition allowed for the deposition of more than 10
microns, the quality of the deposited layer was very poor. The cladding was not
strongly adherent to the surface of the crystal fiber and had a strong tendency to flake
off. Bending of the fiber or contact with external surfaces aggravated the tendency
to peel off. Moreover, the crystalline layer of germania had a significant surface
roughness, thereby increasing the surface scattering of the fibers. Under such severe
shortcomings, the idea to use liquid phase deposited germania as cladding for YAG
SC fibers was abandoned.
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Figure 7.9: SEM image showing the growth of GeO, crystals on YAG SCF

300 microns

Figure 7.10: Optical microscope image showing the growth of GeOs crystals on YAG
SCF

Figure 7.11: SEM image showing the growth of GeO, crystals on YAG SCF
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7.3.3 Hydrothermal Growth

Some of the most promising methods for growing a crystal cladding on the SCFs are
methods based on high temperature solvents. Methods such as liquid phase epitaxy
(LPE) [95] and hydrothermal growth [96] can be used to grow high grade single
crystals of different garnets. As a part of this project, hydrothermal growth was
explored as a potential method to obtain a crystalline cladding for SC fibers.

Hydrothermal growth refers to the growth of crystals of different scale (nanocrys-
tals to bulk single crystals) in the presence of aqueous solvents or mineralizers under
high pressure and temperature. High temperature and pressure is required to dissolve
and recrystallize materials which under normal conditions are mostly insoluble. The
crystal growth is performed in specially designed steel pressure vessels called auto-
claves. To affect the dissolution of the starting material at one end of the autoclave
and crystal formation on the other, a temperature gradient is maintained in the auto-
clave. The dissolution takes place at the hotter region while the crystallization takes
place in the colder part. The driving force for transport and growth is the thermal
gradient in the autoclave. This creates a solubility differential between the hot lower
zone and cooler upper zone. Supersaturation leads to deposition on the fiber seed.
Compared to the sol-gel and LPD techniques discussed earlier, the hydrothermal
process requires considerably elaborate and expensive growth apparatus and crystal
growing expertise. Since no such facility was available at Rutgers University, for the
present project, the hydrothermal growth of YAG crystalline cladding was performed
at Clemson University by Professor Joseph Kolis.

A typical autoclave is shown in Fig. 7.12, where the crystal growth takes place in
the upper section of the autoclave. This region is maintained at temperature lower
than the bottom section.

The crystal growth was performed in a silver-lined autoclave, where the seed for

the crystal growth was a YAG SC fiber grown by the LHPG technique. The seed was
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Figure 7.12: A typical autoclave used for hydrothermal growth of single crystals.
Adapted from [97]. (Reprinted with permission)
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Figure 7.13: Hydrothermal layer of YAG grown on an undoped YAG SC fiber. a)
Cross-section view b) Length view
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suspended in the cooler upper region of the autoclave while the feed stock was kept at
the warmer lower region of the autoclave. The feed stock comprised of a stoichiometric
mixture of yttria and alumina. While this particular project did not involve the
growth of doped crystals, dopants can be introduced by using desired ratio of oxide
starting materials in the feedstock. 2 M K5COj3 solution was used as the mineralizer
to affect the material transfer from the feedstock to the seed. The autoclave was
maintained at about 550-600°C, with a gradient of only 3-5°C. Operating at such a
temperature resulted in a pressure of 15-20 kpsi within the autoclaves. Under such
conditions of growth, the crystal growth was allowed to continue for 15 days.

Using the hydrothermal growth technique, crystalline cladding layers of consistent
thickness of up to a few hundred microns can be grown on the SC fibers. The growth
of single crystalline cladding on the SC fiber was designed to take place in two steps.
The first step involved the dissolving back of the curved SC fiber to reveal low-
Miller index planes to provide sites for the nucleation of the cladding crystal layer.
The second step involved the reversal of the thermal differential in the autoclave to
initiate and continue growth of the cladding layer of undoped YAG.

Using the hydrothermal technique, crystalline YAG layers were grown on various
samples using different growth conditions and periods. Figure 7.13 shows a 25 pym
thick cladding layer was grown on a 120 pm diameter YAG SC fiber. The fiber
was dissolved down to 100 pm diameter, before the growth of cladding layer was
initiated. The cladding layer does demonstrate some spontaneous nucleation sites
along its length. Such a spontaneous growth site can also be seen on the lower left
section of the fiber cross-section.

While among the post-cladding techniques discussed previously the hydrothermal
growth is superior than the others, this approach does have a couple of drawbacks.
The length of the section of fiber that can be subject to such a growth is limited by the

inner dimension of the autoclave. The facilities at Clemson, at present, are limited to
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accommodating fibers of less than 5 centimeters. While the length can be increased
by employing larger autoclaves, it would be really difficult to adapt the technique for
handling fibers whose length are in the order of meters. A more serious drawback
arises from the crystal quality of the cladding layer. The cladding layer grown by
the hydrothermal method is usually highly strained. Such a strained crystal is likely
due to the high curvature of the substrate surface. This strain made the fibers very

fragile and drastically reduced their flexibility.
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7.4 In-situ Cladding

The in-situ approach to cladding involves the growth of SC fibers where a refractive
index profile is realized by the distribution of the ions across the fiber cross-section
during the fiber growth. Under the effect of factors like diffusion, thermo-capillary
currents, etc., dopant ions in a crystal distribute themselves radially in a manner
that mimics graded index fibers. Such a technique, if achievable, would be highly
desirable as it would lead to a monolithic core-clad structured crystal fiber. Post-
cladding techniques, by virtue of their sequential growth approach often leads to
fibers with a sharp discontinuity at the core-clad interface. This in turn, leads to
increased scattering at the core-clad interface. However, using an in-situ approach, the
possibility of such losses due to scattering at the core-clad interface can be effectively
eliminated.

Two different approaches, one based on diffusion of dopants and the other based

on auto-segregation of particular ions were explored.

7.4.1 Rod-in-tube Approach

The rod-in-tube (RiT) approach to cladding is very similar to the idea of growing
a core-clad structured glass fiber from a RiT preform. While the viscosity of the
melt in case of a glass fiber growth is very different from a crystal fiber growth, the
premise of this approach is to transfer a cross-sectional profile from the preform to the
fiber. The preform for the RiT crystal fiber growth would be a composite structure
with the central rod of high dopant concentration and the outer tube of undoped
material. Even though the low viscosity in the melt would tend to homogenize the
composition of the fiber through diffusion, the expectation is that the fiber pull rate
can be adjusted to overcome the diffusion equilibrium. Hence if the fiber is drawn fast

enough, the high dopant concentration in the core region would not have sufficient
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time to diffuse uniformly across the fiber cross-section and hence yield a fiber with
graded profile of dopant. As the local refractive index of the crystal is affected by
the dopant concentration, the graded profile of dopant concentration across a fiber
cross-section would lead to a graded index fiber.

A typical RiT preform, as shown in Fig 7.14, consisted of an 450 um diameter
50% erbium doped YAG SC rod placed inside 1100 pum diameter, pure SC YAG
tubes with inner diameters of about 550 pm. The tube sections were bored from the
undoped YAG crystal bars. The boring was performed by Mindrum Precision Inc.
This process was limited to 1 cm lengths with source diameters about 1,000 pym, and
requires the preform be drilled 5 mm on both sides, resulting in a variable mismatch
between each hole and each tube sample. The preform was mounted in a V-groove
aligned with the growth axis and fed into the molten zone of the LHPG apparatus

by a mechanical belt drive from where it was grown into SC fibers.

Figure 7.14: RiT preform consisting of YAG tubes assembled on a doped YAG SCF
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During the fiber growth, the Er3* ions had a very strong natural tendency to dif-
fuse out to the outer undoped region. When temperature is held invariant, the extent
of diffusion was determined by the time spent by the dopant ions in the molten zone.
Fibers were grown at different speeds ranging from 1 mm/min to upto 6 mm/min.
Samples grown at speeds below 3 mm/minute showed no strain-induced birefringence
or cracking, whereas faster growths resulted in both. Optical quality of samples grown
at speeds below 3 mm/minute was also high. When examined with polarized light in
a Nikon Eclipse microscope, no evidence of any strain-induced birefringence or crack-
ing was found for slow growth, whereas strain and defects were detected for samples
grown at higher speeds.

Since the emission in RE ions is proportional to its concentration, laser-induced
fluorescence of the Er®* ions was measured to calculate the Er®* ion distribution
across the fiber cross section. An apparatus to characterize the Er®* ion distribution
was devised by Prof Stephen C. Rand at University of Michigan. A 532 nm laser
source was used to excite fluorescence in the Er®* ions. For the concentration mapping
of the Er3*:YAG SC fiber, a high resolution profile apparatus was set up to image laser
induced fluorescence. Fluorescence from the fiber sample was relayed to a spatial filter
using a 2f-2f lens system to reject incident laser light and magnified 10X before being
passed through a sharp edge filter to discriminate further against scattered light at
the laser wavelength. Finally, the image was captured with a CCD detector. Due to
selective excitation of erbium ions by the incident laser, and the strict proportionality
of re-emission intensity to excited state density, the brightness in fluorescence images
provided a spatial map of the distribution of erbium ions that was linear in dopant
concentration.

For the samples that were grown at speeds of 4 mm/min or higher, the crystal
quality of the resultant fiber was poor, often exhibiting cracking at the center. The

presence of such physical defects in the crystals introduced large anomalies in the flu-
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orescence intensity and had to be omitted from further analysis. For the fiber samples
grown at speeds of 1 mm/min, 2 mm/min, and 3 mm/min, the fluorescence intensity
showed a similar pattern with the peak brightness of fluorescence intensity near the
center of the fiber (see Fig. 7.15). The actual location of the peak was subject to
random variation in the symmetry of the RiT preform. The shape of the fluorescence
intensity distribution in the three samples showed significant differences. Unsurpris-
ingly, the slower a fiber sample was grown, the flatter was its fluorescence intensity
profile. This observation matched well with the modelling of the time-dependent
thermal diffusion of the ions from the higher concentration at the center towards the
periphery. Results for Er3* ion distribution versus radius obtained with fluorescence
imaging were well-described by a numerical model based on Fick’s equation with a
single value of diffusion constant. The inter-diffusion coefficient for Er®*t and Y?3*
ions in YAG at a temperature of 2000°C was determined to be (9.1 £ 0.8) x 10~
m?/s. These results demonstrate the fact that by changing conditions like fiber growth
speeds and preform dopant concentration, it is possible to achieve fibers with dopant
distribution that can be controlled to a certain degree.

Despite the demonstration of SC fibers with graded dopant concentration using
the RiT method, there are significant challenges in growing actual graded index fibers
using this technique. The degree of control that can be exercised over such a process
is somewhat limited and the technique needs to be considerable refined to have a
consistently reproducible ion distribution in the fibers. Moreover the actual refractive
index profile due to the ion distribution has not been established yet and reliable

technique to determine that needs to be developed.

7.4.2 Auto-segregation of dopants

It has been noticed previously that in certain doped systems, the fibers grown by

LHPG technique exhibit non-uniform radial distribution of the dopant species. De-
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Figure 7.15: Er®* distribution in 50% Er:YAG core with pure YAG cladding grown
at (a) 3, (b) 2, and (c¢) 1 mm/min. The profiles are one-dimensional lineouts through
fluorescent images giving dopant concentration versus position across each fiber sam-
ple.
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pending on the dopant ions, there was a tendency of the dopant to either move to
the center of the fiber or towards the periphery, creating a distribution profile. In Mg
doped sapphire, for example, the center axis of the fiber showed a much higher con-
centration of Mg?" ions compared to the fiber edges [98]. Such an effect has also been
observed in doped YAG SC fibers as well. While Nd ions were observed to concentrate
at the center axis [25] [92], Cr ions were observed to have higher concentration near
the fiber periphery [99].

The movement of the ions in the YAG matrix seems to depend on their size
and segregation coefficient [100]. Tons like Nd** and Ce®*", which are larger in size
compared to the Y** ions (see Table 7.2), have segregation coefficients less than one
and tend to move towards the center of the fiber. On the other hand, ions like
Cr®*, which are smaller compared to Y*T ions, have segregation coefficient greater
than one and tend to move towards the outer rim of the fiber. Since the refractive
index of YAG changes linearly with the addition of dopant ions (see Table 7.1), the
auto-segregation of dopant ions in YAG can be explored as a means to create an
effective refractive index gradient in the fiber, thereby creating a monolithic core-clad

structured crystalline fiber.

RE Dopant | An (x10~%) per 1% of dopant
Nd3* 4.74
Ho?* 2.44
Er3t 2.10
Tm?+ 2.08
Yb3t 1.60
Lu3t 0.96

Table 7.1: Refractive Index change in YAG due to addition of different common RE
dopants. [88]
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Ion | Radius (A)
Y3 1.02
La3t 1.18
Ce?t 1.14
Pr3t 1.14
Nd**+ 1.12
Sm3+ 1.09
Eu?t 1.07
Gd3*+ 1.06
Th3+ 1.04
Dy3+ 1.03
Ho3* 1.02
Er3* 1.00
Tm3+ 0.99
Yb3t 0.98
Lu* 0.97

Table 7.2: Ionic radii of different trivalent rare-earth ions

The exact mechanism of the movement of the ions during fiber growth process
has still not been decisively explained yet. In a previous study Liu et al. [98] have
discussed a possible mechanism of the radial segregation of Mg dopant in sapphire SC
fibers. They surmised that the cause of the ion movements was due thermo-capillary
currents in the LHPG melt zone. The strength of these currents is determined by
the magnitude of the Marangoni number. For most crystal growths using the LHPG
technique, the magnitude of the Marangoni number of the melt is such that strong
thermo-capillary currents are present. It is worth noting here that if the magnitude
of the Marangoni is too high, oscillations in the melt are observed [101]. The thermo-
capillary currents operate between fluid layers due a gradient in surface-tension. The
differential absorption of the laser at different depths of the melt zone creates a
gradient in temperature and hence in surface tension. Strong absorption of the laser
radiation at the surface compared to the center of the melt creates a convection cell
due the Marangoni currents, moving the larger ions to the center of the fiber. A
possible explanation for the more pronounced effect of the current on the larger ions

is likely due to the fact that the larger an ion is, the more cross-section it offers
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for the current to act upon. Detailed discussion of the mechanism of the Marangoni
currents is quite involved and was not studied under this particular project. However,
a detailed study has been previously conducted by Chang et al. [99].

The movement of Nd** ions in YAG SC fiber were observed as a part of this
project. Using the same apparatus described in the previous section, fluorescence
measurements were carried out to identify the dopant distribution of Nd** ions across
the cross-section of different Nd doped YAG SC fibers. The selective emission by the
Nd3* ions provided a map of the distribution of the dopants across a fiber cross-

section.

b)

Gray Value
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1] 50 100 150 200 250

Figure 7.16: a) Polished cross-section of 120 pum 1.5% Nd:YAG SC fiber.
b)Fluorescence image of same fiber. c¢) The profiles are one-dimensional lineouts
of fluorescent image giving dopant concentration versus position across fiber sample.

Figure 7.16 shows the fluorescence measurement of radial distribution of Nd**
ions in a 120 pm YAG SC fiber grown by the LHPG technique. The sample was
obtained by two successive growths from a 1.5% Nd:YAG source bar. The measure-

ment shows that the intensity of fluorescence of the Nd** ions is about 30% higher in
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the central axis region of the fiber compared to the fiber periphery, indicating a de-
creasing concentration of the dopant with increasing distance from the radial center.
Since refractive index of YAG increases monotonically with increasing concentration
of Nd?* ions, the radial distribution of the dopant would give rise to a graded-index
along the fiber cross-section. Fluorescence measurements reveal that Nd:YAG fibers
grown under different growth conditions show a similar distribution of dopants across
the fiber cross-sections, suggesting that Nd** ions show consistent auto-segregation

towards the fiber center in YAG SC fibers grown by the LHPG technique.
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Chapter 8

Growth of sources with Varied

Dopant Concentration

RE ions can substitute Y3 ions in YAG to varying amounts. The degree of substitu-
tion depends on the size mismatch of the substituting ion with the Y?* ion. Trivalent
RE ions like ytterbium, holmium, erbium, and thulium, which are very similar in
size to Y?* ions, form stable aluminum garnet phases of their own [102]. These ions
can form a crystalline solid solution with Y3+ ions in the garnet phase at any given
ratio between the two pair of ions. In contrast, RE ions which have a considerable
size difference with the Y3* ions have limited solubility in YAG and have no known
RE aluminum garnet phase. For example, trivalent neodymium, which is about 12%
larger than YT ion, has a maximum solubility of 18% in the YAG phase [103]. The
output characteristics of a RE doped laser depends heavily on the concentration of the
dopant in the lasing medium. For a doped fiber of a given length, there is an optimal
concentration of dopant that produces maximum laser output. If the concentration
is lower than this optimal value, the pump power will not be effectively absorbed by
the lasing ions. If it is greater than the optimal value, the emitted laser wavelength

will be reabsorbed.



112

Varying amounts of dopants can be introduced into a glass system with relative
ease using solution doping. This is due to the open amorphous nature of glasses which
allow such processes to be handled at relatively lower temperatures. At these temper-
atures, however, YAG does not allow significant diffusion and substitution. Hence,
the concentration of dopants required in a crystal fiber cannot be easily modified, and
is limited to the starting material. Since SC fibers are usually grown from crystalline
starting materials, trying to vary the dopant concentration would require obtaining
the source material from crystalline sources which had originally been grown with
the required dopant concentration. Such a process is not only time consuming but
rather expensive as well. A possible solution is to use a ceramic source material,
made in-house [92]. However, it has been observed that the purity of the starting
material has a direct influence on the optical properties of the fiber [104]. Hence, a
hybrid process is desirable which allows for the variation of the dopant concentration
without affecting the quality of the fiber.

A new method to grow high purity SC YAG fibers with varied RE dopant con-
centrations using a low cost, low temperature sol-gel based method was developed. A
sol-gel derived layer of holmium aluminum garnet (HozAl;015, HOAG) was deposited
on a 330 pum diameter pure YAG SC fiber by dip-coating. This fiber was then re-
grown to SC fibers with diameters of about 120 pm, using the LHPG technique to
introduce the Ho®" ions into the YAG matrix. The dopant concentration of the Ho?"
ions in these fibers was changed by varying the thickness of the sol-gel derived layer.
Although the present technique was developed to introduce Ho* ions into YAG, this
method can be adapted for other ions like Er®*t, Tm?*, Yb3*, etc. This method
offered the advantage of low cost, and flexibility of changing dopant concentration
without sacrificing optical quality. By having the freedom to introduce dopants dur-
ing growth, not only can the dopant concentration be modified according to need, but

other sensitizing ions can be introduced to change lasing characteristics of the gain
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medium. This method also makes it possible for the different sections of the same SC
fiber to be doped with different dopant ions that can act as a saturable absorber or
magneto-optic component, hence paving the way for a monolithic all-crystalline fiber

laser system.

8.1 Sol-gel dip coating

Sol-gel based synthesis of RE aluminum garnets has been previously studied by us-
ing an acetate-glycolate pathway by Dubnikova et al. [102] In this study, we use a
similar method to obtain polycrystalline HoOAG (see Fig. 8.1 for flowchart). HoAG
was derived by the hydrolysis and condensation of holmium oxide and aluminum
nitrate. The materials used for the synthesis were HooO3 (Alfa Aeser, 99.995%),
Al(NO;)3.9H,0 (Acros Organics, 994+%), glacial CHsCOOH (Fisher Scientific) and
ethane-1,2-diol ((—CH3OH)2) (Acros Organics). Holmium oxide is refluxed in 0.02 M
acetic acid at 60-70°C for 6-8 hours to obtain holmium acetate. Aluminum nitrate was
added to the solution and the solution was constantly stirred at 70°C for 2-3 hours.
Finally, ethyl glycolate is added and the final solution is kept at the same tempera-
ture, slowly evaporating the dissolved water to raise the viscosity of the precursor sol.
The viscosity is allowed to increase considerably, while not reaching gelation. The

subsequent sol was used for dip coating.



Ho,O, + 0.02 M CH,COOH

Refluxed at 60°C

AI(NO,)..9H,0 ||| for 6-8 hours

added

Stirred for 2

hours at 70°C
Ethylene
glycol added Slow
evaporation at
70°C but not
allowed to gel
HoAG sol

Figure 8.1: Flowchart describing preparation of HoAG sol-gel
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The HoAG sol was applied to a SC YAG fiber with a diameter of 335 um, using
a dip-coater illustrated in Fig. 7.3. Before dip-coating, the fiber was first cleaned
with de-ionized water and then with isopropyl alcohol. The dip-coating was done
at a withdrawal rate of 7.5 cm/min. The fiber was then left to dry in air for 10
hours. After this, it was put in an oven held at 130°C for 60 minutes to dry. After
drying, the fiber was sintered in air at 1000°C for 14 hours to remove any remaining
organic material from the sol-gel precursor. This entire process was repeated for each
layer. Multiple dip-coating cycles were performed to increase the thickness of the
sol-gel derived layer. To maintain a consistency between the layers, the same batch
of sol-gel was used for all the dip-coating cycles and the withdrawal rate for the dip-
coating process was kept the same. One, two, three and four cycles of dip-coating
were applied on four different but contiguous sections of the YAG fiber, with each
section covering roughly 1 cm. The increase in thickness of the sol-gel layer due to

each cycle of dip-coating was approximately 0.25 pm.

Arbitrary Unit

——HoAG

—YAG

| Y N N Y Y

15 25 55 65
20 (degrees)

Figure 8.2: XRD pattern of sol-gel derived HoAG (top) compared to YAG (bottom)
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For the homogeneous distribution of Ho3t ions into the YAG matrix, it is re-
quired that the HOAG form a true solid solution with the YAG. One of the important
requirements of two materials forming a solid solution is that they have the same
crystal structure. X-ray diffraction results confirm that the HoAG obtained from the
sol-gel method was indeed in the garnet phase. The sol-gel precursor solution yielded
a yellowish-white porous solid. This solid was then ground up and then held at 500°C
for one hour to burn off the organic material. Finally, it was sintered at 1000°C for
10 hours to obtain a pinkish white powder. Figure 8.2 compares the XRD pattern
obtained from the sol-gel derived HoAG with YAG. It can be seen that all the char-
acteristic peaks associated with the garnet structure are present in the sol-gel derived
HoAG, confirming its garnet structure. Hence we can expect HoOAG to form a single

phase solid solution with YAG.

8.2 Fiber Growth

After having the desired thickness of the sol-gel derived layer of HOAG on a pure YAG
fibers, it was regrown to smaller diameter SC fibers using the LHPG technique. The
HoAG coated 330 pm diameter YAG fiber was regrown into Ho: YAG SC fibers of 120
pm in diameter. The entire YAG fiber preform with sections of 1, 2, 3, and 4 layers
of HOAG coating was grown, at a speed of 1.5 mm/min, in a single fiber growing run
to maintain a consistency among the different sections. Each section yielded about
14 cm of 120 pm diameter fiber. Pieces measuring about 10-12 cm corresponding to
each preform section were identified and removed.

Once the fibers were grown using the LHPG technique, the crystallinity of the
SC fibers were measured using X-ray rocking curve analysis. The analysis showed
that the fibers are of a very high quality single crystalline phase with no indication

of twining or amorphous phases.
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8.3 Holmium Concentration

The amount of holmium in each fiber section, was characterized by both optical and
quantitative x-ray techniques. The concentration of Ho?" ions was determined by
optical measurements as shown in Fig 8.3. Ho:YAG absorbs at 532 nm. The power
absorbed increases with the increase of concentration of Ho®" ions in YAG. Attenua-
tion losses for SC Ho:YAG fibers were measured for known Ho dopant concentrations
(0.5, 1, 4%) and a general trend was established. By performing optical absorption
measurements on the fiber sections grown from the preform with different numbers
of HoAG layers and comparing it with the pre-established trend, an estimate of the
unknown atomic percent of Ho in the different fiber sections can be obtained. Ex-
perimental measurements demonstrate that for every layer of HoOAG on the 330 um
diameter source preform increases the Ho concentration of the regrown 120 pm diam-
eter fiber by 0.21%. Hence for example, the section grown from the preform having
2 layers of HoAG is expected to have 0.42% Ho:YAG. It is to be noted here that
the SC fiber grown from the section of the preform having 1 layer of sol-gel derived
HoAG has been removed. This segment had a significant “hotspot” in the fiber which
rendered its optical quality significantly poorer than the other fiber sections.

The Ho concentration determined by optical absorption methods assumed uni-
form waveguide quality for all sections of the fiber. Although, this is a reasonable
assumption, the estimation of Ho concentration obtained by the optical method could
be affected by fiber quality. Hence, for further verification, the concentration of Ho
was also determined by EPMA. The Ho concentration in the different fiber sections
grown from the preform having different number of layers of HoAG is shown in Fig.
8.4. As can be seen from the figure, each layer of sol-gel derived HoAG increases the
Ho dopant concentration in the final fiber by approximately 0.2%. This is in very

good agreement with the optical data discussed in the previous section.
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Chapter 9

Ho:YAG Single Crystal Fiber Laser

The laser emissions of Ho3t ion at 2 pm and 2.9 pum arising from the transitions
between the Stark levels of the 5I; and °I; states, respectively to the °I ground state
have been well studied (see Fig. 9.1) [105] [106]. In particular the 2 pm transition
has received a lot of research attention due its potential as an eye-safe source for
applications like target illuminators, Doppler lidars, medical devices, etc. The 2
pm micron transition is especially appealing for various applications due to the long
lifetime of the upper °I; level. Such a long upper level lifetime allows the storage of a
large amount of energy in the upper level, favoring operation in a Q-switched mode.

Lasing characteristics Ho®" ions in crystalline materials have been well docu-
mented, with the earliest report of lasing behavior reported in 1965 by Johnson et
al. [107]. Despite such early beginnings, very little research effort has been invested in
towards the investigation of lasing characteristics in materials other than bulk crys-
tals. It is only in the last few years that alternate configurations like Ho** doped
SC fibers or thin disks have been properly investigated. The SC fiber architecture
offers the potential for the development of a high power eye-safe laser system that is

capable producing high power output in both cw and pulsed mode of operation.
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Figure 9.1: Energy level scheme of Ho3t ion, observed emission transitions found are
indicated by arrows. (Reprinted with permission) [105]
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Figure 9.2: The spectra of Ho** in YAG obtained using a Yokogawa AQ6375 Optical
Spectrum Analyzer (OSA). Results obtained at Clemson University.
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While Ho®" ions have a rich lasing spectra in the near infrared region (see Fig
9.2), experiments were limited to the 2 um lasing between the °I; and °I4 states.
The spectrum shows a peak absorption at 1908 nm. Pumping at this wavelength
resulted in lasing around 2 pum, Accordingly, the lasing experiments in this project
were conducted using pumping at 1908 nm.

The lasing experiments were performed at Clemson University by Professor Eric
Johnson’s group. The schematic of the lasing set-up is shown in Fig. 9.3. The Ho
doped SC YAG fiber was pumped using a TEMgg 1908 nm Tm:fiber laser (IPG TLR-
50) in either continuous-wave (CW) or pulsed mode. For the lasing experiments, a
modulated pump laser (10 Hz, 50% duty cycle) was used to reduce thermal load.
The pump was coupled into the SC fiber using a 200 mm focal length lens (F1).
The output and input ends of the fiber used for the experiment were polished but not
coated. The optical cavity was set-up using a high reflector (HR) at the input end and
just the bare polished fiber end at the output end. The HR allowed high transmission
at the pump wavelength and high reflectivity between 2050 and 2400 nm, where the
Ho3* ions were expected to lase. The HR was butt-coupled to the SC fiber. At the
output end, the 8% Fresnel reflection from the uncoated fiber face was sufficient to
provide a reasonable balance between multiple passes of the pump wavelength and
extraction of the laser wavelength. The laser output from the fiber was collimated
using a 5.95 mm focal length lens (F2). A dichroic mirror (M1), at 45° angle of
incidence, was used to separate the residual pump and laser wavelengths. Similar to
the HR, M1 had high transmission at pump wavelength and high reflectivity at 2090

nm. During the experiemnts, the fiber was passively cooled.
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Figure 9.3: Schematic of Ho:YAG lasing set-up
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Figure 9.4: The optical spectrum of the laser at 20 W of output power centered at
2090.6 nm. The inset, the whole spectrum from 1900 to 2200 nm

9.1 Results for 330 ym SC fibers

Using the lasing set-up described above, different 0.5% Ho:YAG SC fibers of 330 mi-
crons were studied. There was a strong correlation between fiber quality and slope
efficiency of the laser output. Fibers which had higher attenuation losses demon-
strated low slope efficiency. One such high loss (9 dB/m) fiber (330 pm diameter,
10.1 c¢m length) had a slope efficiency of just 10.2%. However, the slope efficiency
increased significantly when the lasing experiments were conducted on low-loss fibers.
The highest optical-to-optical slope efficiency of 72.3% was achieved in an 11 cm fiber
with an attenuation loss of 0.6 dB/m at 1064 nm. Another sample, an 11.5 cm long
fiber with a 0.9 dB/m loss showed a 67.5% when pumped under the same condition.
For this fiber, the spectrum of the output laser beam at the output power of 22 W

is shown in Fig. 9.4 on a linear scale. The laser wavelength is centered at 2090.6 nm
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with a full width at half maximum (FWHM) of 1.3 nm. The inset in Fig. 9.4 shows
the relative strength of the signal laser beam relative to the pump beam after passing
through the second dichroic filter.

Despite the high slope efficiency of the low-loss fibers, the mode of the laser output
was highly multimode. Factors like large fiber diameter, absence of a fiber cladding
and the presence of diameter variations along the fiber length result in output beam
being speckled and highly multimode (see Fig. 9.6 and Fig. 9.7). It was noticed that
the beam quality varied significantly as the output power increased, with the output

beam becoming more diverging and more multimode as the power output increased.
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Figure 9.5: Slope efficiency of two 0.5% low-loss Ho:YAG SC fibers. The fiber with
0.9 dB/m loss shows a slope efficiency of 67.5% while the fiber with 0.6 dB/m loss
shows a slope efficiency of 72.3%
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Figure 9.6: Mode profile of output 0.9 dB/m loss Ho:YAG fiber in the near field

Figure 9.7: Mode profile of output 0.9 dB/m loss Ho:YAG fiber in the near field
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9.2 Results for 120 ym SC fibers

The lasing characteristics of holmium doped YAG SC fibers grown from HoAG sol-
gel coated YAG fibers were also studied using the lasing set-up described previously.
Similar to previous experiments, when pumped with a 1908 nm Tm:fiber laser, Ho
doped YAG SC fibers demonstrated lasing at 2.09 ym. The lengths of the fibers
grown from the preforms with 2, 3 and 4 layers of HoAG were 11 c¢m, 12 ¢m and
11 cm, respectively. The performance of the three different fibers are shown in Fig.
9.8. It could be seen that the slope efficiency increased with the increase in holmium
concentration of the fiber. For the fibers grown from performs having 2 and 3 layers
of HoOAG, the residual pump was too high suggesting that, at these fiber lengths, the
Ho3* ion concentration was too low for effective absorption at the pump wavelength.
The slope efficiency did not show any thermally induced roll-off up to 27 W of pulsed
input power. This result demonstrates the good passive cooling due to increased
surface-to-volume ratio for the small diameter fibers.

For the fiber grown from the preform with 4 layers of HoAG, the lasing charac-
teristics were measured for three different fiber lengths. It can be seen from Fig. 9.9,

that the slope efficiency is optimized for the 10.7 cm length.
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The maximum slope efficiency observed for these SC Ho:YAG fibers was 58.5%,
which was lower than the 72.3% slope efficiency reported for 330 um diameter 0.5%
Ho:YAG fibers. A possible explanation for the lower slope efficiency could be due to
increased scattering losses. The number of bounces of light while being wave guided
through a smaller diameter fiber is more than that of a larger diameter. Since the SC
fibers were not clad, an increased number of bounces increase the scattering losses in
the fibers.

It was also noticed that compared to the 330 pm diameter 0.5% Ho:YAG fibers,
the threshold for lasing for the 120 ym diameter Ho:YAG SCF fibers was lower. While
the threshold for lasing for the 330 ym diameter fibers was about 3 W, the 120 ym
diameter fibers showed a lasing threshold of a few hundred milliwatts. The decrease
of the lasing threshold in the smaller diameter fibers was likely due to the tighter

optical confinement possible in these fibers.

Figure 9.10: Mode profile of output in the near field (left) and far field (right). Beam
profile captured using Ophir SP503U silicon CCD camera.

The near and far-field beam profiles of the laser emissions show that the output
was highly multi-mode (see Fig. 9.10). This resulted from the size and quality of
the SC fiber used as the gain medium. The Ho doped SC fiber has a 2% variation

in fiber diameter, which is small yet a significant variation. Since the fiber had no
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cladding, the scattering from the fiber surface caused a large degree of mode-mixing.
The cross-section of the SC fibers was about 120 pum across, which is much bigger than
the dimension required for single mode operation at the lasing wavelength. Moreover,
there are no spatial mode control for the cavity to clean up the propagating modes.

All these resulted in a highly multimode lasing output.
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Chapter 10

Crystal Quality and

Crystallographic Data

10.1 Crystal Orientation

Crystal growth has a natural inclination to form facets as the anisotropic surface free
energy has a tendency to define an equilibrium shape corresponding to the minimum
value of surface energy. Facets are the macroscopic manifestation of the crystalline
structure of a material. Faceting will occur when the surface energy can be reduced
by exposing surfaces of low index, thereby giving a clear macroscopic indication of the
underlying crystallographic structure of the solid. Although facets are not defects,
in a majority of applications, highly faceted crystals are undesirable. This is due to
the fact that faceting introduces chemical inhomogeneities and lattice strain [108].
While RE doped garnets grown from melts have a natural tendency to form facets,
the formation can be suppressed to a certain degree by optimizing growth conditions.
Factors like seed orientation and direction of growth, curvature of the solid-liquid
interface, temperature gradient in solid and undercooling temperature at growth in-

terface determine the lateral extension of the facet [109]. Faceting was a common
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feature amongst the YAG SC fibers grown as a part of this project (see Fig. 10.1). It
is worth mentioning here that for crystal pulling techniques, faceting is not similar to
periodic diameter variations which arise due to fluctuation in melt shape and volume,
fiber pulling rates, etc. The scale of variation in the two cases are starkly different
with faceting giving rise to surface roughness in the order of nanometers whereas

diameter variations are of the order of micrometers.

EHT = 5.00 kV Signal A = SE2 Date :5 May 2016

|_| WD =146 mm File Name = 2 side profile3.tif Mag= 683X

Figure 10.1: SEM image of 120 um YAG SC fiber showing faceting.

In this project a series of experiments were conducted to study the effect of ori-
ented seeds on faceting and transmission losses in the fiber. In an earlier work,
Ishibashi et al. [29] had determined that facet-free crystal growth was possible for
YAG if the seed with an orientation of 15° from [100] to [110] direction was used.
However, in the present project it was determined that using such a seed was neither
necessary nor sufficient for growing facet-free SC fibers. Even with this oriented seed,
occasional faceting was observed in some fibers while, facet-free fibers were grow-

ing using randomly oriented seed with visible faceting (see Fig. 10.2). Experiments
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also determined that faceting did not influence the transmission losses in a fiber. A
likely explanation of this could be due to the fact that surface roughness arising from

faceting was much smaller compared to the wavelength of light propagating through

the fiber.

200 microns

Figure 10.2: Fiber with no faceting grown from seed which displays faceting

100 microns

100 microns

Figure 10.3: Left: Fiber grown from randomly oriented seed; Right: Fiber grown
from oriented seed with [100] growth direction

In spite of not observing any noticeable improvements in transmission using ori-
ented seeds, their use was still continued for two different reasons, both of which
are concerned with a degree of standardization of the crystal growth process. Such

seeds had a peculiar cross-section, which resembled a square with convex sides (see
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Fig. 10.3). If an end face of a grown fiber did not resemble such a shape, it can be
claimed that the growth direction had wandered off from the orientation of the seed
to a different orientation. The standardization of the growth process also allowed the
easier mathematical analysis for higher order modes generated in such fibers.
Crystal orientation for certain fibers have been determined using a Bruker SMART
APEX diffractometer. It was observed that in fibers where the ends resemble the
cross-section described previously, the growth orientation was maintained throughout
the length of the fiber. Either ends of the crystal fiber were analyzed, and instead
of the expected crystal orientation of 15° from the [100] to the [110] direction, both

fiber ends had a growth direction of [100].

10.2 Single-crystallinity

Single crystalline hosts are considered to be better laser host materials than ceramic
materials due to the absence of grain boundaries. Not only can grain boundaries act as
centers for scattering and increase transmission losses, dopant ions have a tendency
to concentrate around grain boundaries, giving rise to localized centers of uniform
doping in the material. Since having a single crystalline host was a central premise to
the project, experiments were conducted to verify the crystallinity of the grown fibers.
Crystallinity was determined using X-ray rocking curve measurements. The rocking
curve, obtained by using a nearly parallel source, shows excellent crystallinity with no
indication of twining or amorphous phase inclusion. The single-crystal rocking curves
for certain reflections were obtained by use of a Bruker Vantec-500 area detector and
a Bruker FR571 rotating-anode x-ray generator operating at 40 kV and 50 mA and
equipped with a 3-circle Azlan goniometer.

In the rocking curve collected from the Er:YAG rod-in-tube sample, shown in

Fig. 10.4, the shaded area represent the signal due to the source. The two peaks are
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due to the source. In more advanced systems, the higher angle peak is removed by
use of a sophisticated monochromator. It can be observed that the FWHM of the
measured signal peak was principally due to the dispersion of the source used in the
measurement. This meant that the crystal quality is so good that it does not affect
the measured signal. If the sample was a poorer quality single crystal, the FWHM
would have been higher than the obtained value of 0.052. The presence of twins or
amorphous phases would have increased the width of the measured signal to a higher
FWHM. The degree of deviation from single-crystal behavior of the SC fiber is below
the detection limit of the apparatus used, hence proving the high crystallinity of these

samples.
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Figure 10.4: Rocking curve of a Er:YAG SC fiber



134

10.3 Crystal Surface Quality

The surface roughness of the SC fibers measured by atomic force microscopy (AFM)
revealed that fibers which showed no visible facets demonstrated very smooth sur-
faces with surface roughness of about 2 nm (see Fig. 10.5). Fibers which displayed
visible facets showed very periodic variation of the surface, with facet height of about
30 nm to 60 nm. Such variations are small compared to the wavelength of light in
the visible and infrared spectra and are not likely to affect transmission characteris-
tics of the fibers. Surface of some small diameter YAG SC fibers exhibited features
that represented blisters (see Fig. 10.6). However, no other details about the origin
of these features could be gleaned. Surface roughness of the cladding layer grown
by hydrothermal growth was also characterized using AFM. The surface of the hy-
drothermal layer did not exhibit any periodic waviness associated with faceted fibers,
but it was not as smooth as the unclad fiber surface (see Fig. 10.7). For the unclad
fibers, loss measurements showed no direct correlation between faceting and trans-
mission losses. However, transmission losses likely to arise out of facet-induced stress

in the fibers were not characterized.

Figure 10.5: AFM image of 330 um YAG SC fiber showing no visible faceting
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Figure 10.6: AFM image of 120 pm Nd, Ho codoped YAG SC fiber showing visible
faceting. The peak-to-peak distance of the facets is 6.5 um. The average height of the
peaks, measured from the trough, is about 25 nm. RMS value of surface roughness
is 8.5 nm

0.16 um

0.00 ym

Figure 10.7: AFM image of 120 um YAG SC fiber with 25 pym YAG cladding grown
by hydrothermal crystal growth. RMS value of surface roughness is 14.5 nm
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Chapter 11

X-Ray Topography

The output power obtained from a fiber laser depends strongly on the optical quality
of the doped fiber. Due to defects in the crystal, optical energy from both the pump
and laser wavelengths can be lost as heat. General optical characterization techniques
like attenuation measurements and scattering measurements allow us to assess the
quality of a fiber but they don’t provide any information on the origin of these losses.
In order to improve the quality of the fibers, it is important to learn about the
imperfections present in it, so suitable remedial measures can be taken. Analysis
should be done to understand the nature, origin, and distribution of defects present
in the single crystals.

Among different microscopy-based characterization techniques like SEM, TEM,
AFM, etc., x-ray diffraction topography has emerged as a comprehensive analysis
technique for large single crystals. X-ray diffraction topography, or x-ray topography
in short, is a non-destructive technique to characterize the microstructure of large
crystalline samples. Using a high brightness x-ray source, this technique can be used
to map the microstructure of a crystal and hence study the nature and distribution
of defects in the bulk as well as the surface for samples ranging from microns to tens

of centimeters [110].
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In this technique, a collimated ribbon of x-ray illuminates a crystalline sample to
yield a diffraction pattern. Depending on the shape and dimensions of the sample the
diffraction pattern can be recorded in the transmission as well as in the back-reflection
geometry. The diffraction pattern, which arises as different crystallographic planes
satisfy the Bragg condition, can be projected onto a detector or film and can be
recorded for further analysis. Variation in the intensity of the diffraction images as a
function of position can be observed due to local diffracting condition in the crystal.
Different types of defects in crystals can be identified and studied by analyzing the
diffraction contrast which arise due to variation in local diffraction conditions. Since
there is no magnification involved in the measurement process, a direct correlation can
be made between a defect and its position with respect to a crystal. Further rigorous
quantitative investigation of defect direction is also possible by studying the contrast
in the x-ray topographs. Such an analysis would require detailed understanding of the
mechanism of formation of different defects using kinematical and dynamical theories
of diffraction.

While x-ray topography experiments can be performed using ordinary lab-based
x-ray sources, they are limited by the considerable divergence and low intensity of the
x-ray beam that may not be adequate for the proper analysis of large scale crystals.
This has prompted the development of x-ray topography techniques based on sources
of synchrotron radiation. Such sources have several advantages like high brightness,
negligible divergence, tunability, etc. There are two different synchrotron-radiation-
based x-ray topography techniques that are generally used to study single crystals,
white-beam x-ray topography and monochromatic-beam x-ray topography. For the
analysis of YAG SC fibers, synchrotron white-beam x-ray topography (SWBXT) was
used.

SWBXT experiments were carried out at Beamline 1-BM-B,C, Advanced Pho-

ton Source at the Argonne National Laboratory. Due to the highly curved surface
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of the crystal fibers, back-reflection geometry topographs were difficult to record
and hence only transmission geometry was employed. The transmission topographs
were recorded in two different configurations, projection topographs and section to-
pographs. While in the projection configuration the entire available beam of the
syncrotron radiation is used to image sample, in the section topograph configuration,
a slit is used to allow a very narrow ribbon of x-ray to hit the sample ( see Figs.
11.1 & 11.2). Section topography is used for imaging the cross-section of a sample.
Topographs were recorded on Agfa D3-SC high-resolution x-ray films, placed 15 cm
behind the sample. The recorded Laue patterns were analyzed in LauePt, a software
for simulating X-ray diffraction patterns in various geometries [111]. Since the diffrac-
tion measurements provided no magnification, the topographs were analyzed under
an optical microscope to reveal contrast variations. Analysis of the topographs were
done with the assistance of Dr. Balaji Raghothamachar of Stony Brook University.
Topographs of most of the YAG SC fibers showed that the samples were dislocation-
free single crystals with no evidence of amorphous phases or twinning. For the
dislocation-free samples, the shape of the x-ray topograph corresponded to the ac-
tual shape of the fiber indicating that there was no significant strain in the crystal
lattices. A common feature observed in the samples was the presence of growth stri-
ations. These striations, which originate from fluctuations in the melt flux, appeared
like alternate bands on the topographs. They represented the history of the crystal
growth by recording the shape and changes of the solid-liquid interface of the growth.
In the case of SC fibers, the fluctuations in the melt were most likely due to variation
in pulling rate and temperature changes in the melt. In order to maintain a constant
fiber diameter, the automatic diameter control changed the pulling rate of the fiber
instantaneously. This induced changes in the volume flux of the melt, introducing
inhomogeneous strain along the fiber length. The other source of the fluctuations

was due to temperature changes near the solid-liquid interface. These could arise
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from fluctuations in laser power and non-centrosymmetric heat in the melt due to
misalignment of optical components. Apart from regions of varying strain, growth
variations could also cause inhomogeneous incorporation of dopants which have a
non-unity segregation coefficient [112]. Hence, in doped YAG SC fibers the striations
were associated with variation in both strain as well as dopant concentration and

were usually very pronounced (see Fig. 11.3, 11.4, and 11.5).

—
g

#

Figure 11.3: X-ray topograph (g = 004) of 330 um diameter 1.5% Nd:YAG SC fiber
with periodic striations showing incorporation of Nd?* ions in the fiber. The inset
shows the longer section of the fiber.

Significant distortion of the crystal lattice was noted for the 330 pm Nd:YAG
SC fibers(see Fig. 11.6). Since the Nd** ions are about 12% larger than the host
Y3* ions, they caused observable distortion of the lattice. This particular sample
also displayed dislocation lines running through the center of the fiber. The auto-
segregation phenomenon of Nd ions in YAG has been discussed in a previous chapter.
Increased concentration of Nd ions in the center of the crystal growth front leads to
constitutional super-cooling [113]. Liu et al. [98], in their work on Mg doped sapphire
SC fibers, have suggested that if the concentration of dopant does not increase in
the solid phase, the interface breaks down at the center, leading to dislocations and

ultimately cracking at the center of the fiber. The same phenomenon is likely to be
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Figure 11.4: X-ray topograph (g = 004) of 380 ym diameter Er:YAG SC fiber showing
periodic striations showing incorporation. The sample shows significant stress at point
at region T which is at the transition point of two tube sections. (Please refer to 7.4.1
for more details of growth)

at play for Nd doped YAG. Constitutional supercooling arising from segregation of
the Nd ions in the center of the fiber leads to cracking in the center of the fiber.
Since constitutional supercooling can be controlled by adjusting factors like crystal
diameter, temperature gradient, and pulling rates, cracking at the center of the crystal
fiber can be avoided. This is perhaps the reason why a similar result could not be
verified for the 120 pm Nd, Ho co-doped YAG SC fibers. Although the sample
displayed striations, it did not show the significant lattice distortion due to the Nd
ions.

Samples of varying thickness (or wedge-shaped samples) with high crystalline
perfection give rise to very fine fringes called Pendellosung fringes. Such fringes are
produced as dynamical effects of x-ray diffraction and can be only seen in single crys-
tals where the lattice planes are exactly parallel to each other. Any strain or defects
that affect the orientation of the planes will cause the effect not to be observed. To-
pographs of two different 330 um diameter undoped YAG SC fiber samples exhibited

this effect (see Fig. 11.7). These fringes were visible as parallel horizontal lines run-
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Figure 11.5: X-ray topograph of (g = 004) 120 ym diameter Nd, Ho co-doped YAG
SC fiber showing periodic striations showing incorporation of Nd** ions in the fiber.
Blurring of the topograph signifies significant strain the crystal.

ning along the length of the fiber. It was unsurprising to note that these samples
were obtained from two fibers with very low losses. If significant strain is present in
the fibers, Pendellosung fringes are not visible, even if no other defects or boundaries
are present. From the samples analyzed in this study, a strong correlation could be
drawn between losses and strain in fibers. While the strain-free fibers shown in Fig.
11.8 a) had losses less than 0.3 dB/m (at 1064 nm), the fiber shown in Fig. 11.8
b), which was characterized by strain, had an attenuation loss of 1.2 dB/m. The
presence of other defects deteriorated the losses even further. The topograph of a
330 pm diameter undoped YAG SC fiber with losses more than 1.8 dB/m is shown
in Fig 11.9. It displayed several defects which resemble inclusions. Compared to the
330 pum diameter YAG SC fibers, the topographs of the 120 ym diameter fibers were
characterized by higher degree of strain. This was very reasonable as a tighter focus
of the laser beam was required to form a uniform melt from which good quality small

diameter fibers could be grown.
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Figure 11.6: X-ray topograph (g = 220) of 330 um diameter 1.5% Nd:YAG SC fiber
showing dislocation lines running through the center of the fiber (D). The sample also
shows the strain in the lattice due to periodic incorporation of Nd3* ions in the fiber

Figure 11.7: X-ray topograph (¢ = 040) of 330 pum diameter undoped YAG SC fiber
showing Pendellésung fringes (P). S - Surface defects on the fiber surface

Figure 11.8: X-ray topograph of two 330 um diameter undoped YAG SC fibers. a)
Strain-free fiber with transmission losses of 0.3 dB/m. Horizontal lines are Pen-
dellosung or thickness fringes produced by dynamical diffraction effects indicative of
high crystalline perfection. b) Fiber is characterized by strains resulting in blurred
images.
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Figure 11.9: X-ray topograph (g = 220) of 330 ym diameter undoped YAG SC fiber
showing inclusion defects (D).

Figure 11.10: Section X-ray topograph (g = 220) of 330 ym diameter undoped YAG
SC fiber showing inclusion defects (D).
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X-ray topograph of YAG SC fibers with a hydrothermal layer of cladding revealed
some interesting details about the composite crystal structure (see Fig. 11.11 and
11.12). The cladding layer was observed to be highly strained. This could be inferred

from the fact that the shape of the topograph was not representative of the actual

sample.

|=

Figure 11.11: X-ray topograph (g = 040) of 120 pm diameter undoped YAG SC fiber
with 25 pm cladding layer grown by hydrothermal method.

Figure 11.12: Section X-ray topograph (g = 040) of 120 um diameter undoped YAG
SC fiber with 25 um cladding layer grown by hydrothermal method.
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Part V

Summary and Conclusions
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Chapter 12

Conclusion and Future Work

Significant improvements in the LHPG technique have led to the growth of low-loss
YAG SC fibers of consistent excellent single-crystalline quality. Modifications to the
LHPG system have included installation of a double axicon system, height adjustable
laser micrometer, and three-axis viewing among others. Aided by simulations of beam
propagation through different components of the LHPG apparatus, the alignment of
the optics was fine-tuned to achieve a tight and highly symmetric focal spot. The
improved focusing of the CO, laser radiation resulted in a uniform melt which was
crucial to growing high-quality SC YAG fibers. Attenuation losses in 330 pm YAG
SC fibers have been lowered from more than 15 dB/m (at 1064 nm) to less than 0.1
dB/m. Using the optimized LHPG apparatus, low-loss 120 um YAG SC fibers were
also grown. The losses of these fibers were comparable to the losses measured in 330
um YAG SC fibers. The lowest loss measured for a 120 pm fiber was 0.3 dB/m at
1064 nm.

Improvements in optical alignment of the LHPG system led to the reduction of
scattering losses in the YAG SC fibers. This was very well demonstrated in the low-
loss 330 um YAG SC fibers where there was no strong dependence of attenuation loss

on fiber length. One such fiber was a 1-meter long YAG SC fiber which had a loss
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of 0.3 dB/m (at 1064 nm) with scattering losses less than 0.2 dB/m for most part of
its length. Compared to these fibers the low-loss 120 um YAG SC fibers showed a
stronger dependence of attenuation losses on fiber length. This is most likely due to
coupling of optical power into higher order modes which results from the increased
diameter variation. The scattering losses in all the YAG SC fibers demonstrated a
strong dependence on wavelength with scattering varying as A™" where n lies in the
interval from 2.4 to 3.8. This signified that the scattering mechanism was neither
purely Rayleigh scattering (n = 4) nor Rayleigh-Gans scattering (n = 2). Apart
from this, no further conclusions could be made regarding the mechanism of such
scattering process.

Several methods for growing crystalline cladding for SC YAG fibers were at-
tempted with varying degrees of success. Cladding layers of alumina and YAG were
grown using sol-gel methods. Despite optimizing the sol-gel dip coating technique to
yield crack-free consistent layers, the thickness of the cladding layers was not close
to the desired thickness required for a double-clad fiber. Liquid phase deposition was
used to deposit a layer of germania on a YAG SC fiber as a cladding layer. While
the thickness of the GeO, layer achieved by this method was sufficient, the quality
of the crystalline cladding layer was below required standards. The most promising
cladding approach was by using hydrothermal crystal growth technique. A 25 pm
thick cladding layer of YAG was deposited around a 120 pm YAG SC fiber. While
at present this technique only allows for the cladding of fiber sections less than 5 cm,
it can be optimized for cladding longer fiber lengths. In-situ cladding growth was
attempted by growing fibers from RiT preform with 50% Er:YAG core. The radial
gradient of dopant distribution exhibited in these fibers can be used as a basis for
growing monolithic SC fibers with graded index profile.

While the ultimate goal to develop a double-clad SC fiber laser was not achieved,

significant improvements in the fabrication of 330 um diameter 0.5% Ho:YAG SC
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fiber have led to the demonstration of optical-to-optical slope efficiency of 72.3% at
2090.6 nm. This is the highest slope efficiency reported for a holmium doped crystal
fiber. Using a simple low-cost sol-gel based approach, SC YAG fibers of 120 um
diameter and with varied Ho®** ion concentrations have been grown. When pumped
at 1.908 pm, the fibers show significant output at the lasing wavelength of 2.09 pm,
with a maximum of 58.5% optical-to-optical slope efficiency. Compared to results
for 330 um YAG fibers, the slope efficiency is lower. This is likely due to increased
scattering losses for the smaller diameter fibers. Additionally, the 120 um fibers were
observed to have a lower lasing threshold compared to the 330 pum fibers.

Effect of seed orientation on fiber faceting was explored and was determined that
using an oriented seed was neither the necessary, nor the sufficient condition for
growing facet-free fibers. SWBXT in conjunction with single crystal x-ray diffraction
was successfully used to characterize the quality of the crystals. The different analyses
show that the LHPG grown YAG SC fibers are mostly defect-free with very high

crystallinity, free from twinning or amorphous phases.

Future Work

RE doped SC fibers offer great potential as gain medium for high power lasers due
to their superior material quality. The two main hindrances that have prevented this
technology from being commercially adopted are the high losses in SC fibers and
the absence of a core-clad structured all-crystalline SC fiber. While the work done
in this project has addressed the loss issue to a satisfactory degree, despite our best
efforts much needs to be done to develop an effective crystalline cladding for SC fibers.
Further research into the development of cladding would be immensely beneficial to
this field.

Hydrothermal growth of crystal has been shown to be an effective approach to
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growing a crystalline cladding for SC fibers. At present, the length of the fiber sec-
tion that can be clad by this technique is limited by the dimension of the autoclave
available. Future projects could look into the most effective approach to using hy-
drothermal growth to clad fibers of longer lengths. These studies could also look into
refining the hydrothermal growth process so as to reduce the strain in the hydrother-
mal layer to allow for more flexibility of the SC fiber.

The auto-segregation of dopant like Nd** ions in YAG was one of the most inter-
esting phenomenon observed during the project. This particular observation presents
a lot of potential and possibilities. Further studies could investigate the movement
of ions during the LHPG of different doped materials in more detail, using simula-
tions to develop a definite relation between radial dopant distribution and factors like
dopant ion size, host ion size, growth speed, operating power of processing laser, etc.
In particular, since it has been observed that ions which are significantly larger than
the host ion they replace demonstrate considerable segregation, different host matri-
ces can be explored to study the behavior of different dopant ions. Two of the most
interesting systems would be Ho:LuAG and Ho,Th:LuAG. These systems present a
strong possibility of demonstrating appreciable radial distribution of the lasing Ho*
ions, forming graded-index SC fibers.

The use of electric-field assisted diffusion to achieve an in-situ cladding had been
discussed during the project. The idea was to use a strong centro-symmetric electric
field at the solid-liquid junction during the LHPG to affect the preferential movement
of the dopant ions. While the idea showed positive results on simulation, the idea was
eventually dropped due to the difficulties in incorporating the electric field generating
elements in the present LHPG apparatus. A future project could be designed to study
the behavior of dopants under such an electric field.

Last but not least, the idea of using sol-gel based techniques to vary dopant ion

concentration in SC fibers can be explored in detail. This low-cost technique offers the
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possibility of not only varying dopant concentration in SC fibers without sacrificing
crystal quality, it allows for the easy growth of SC fibers with regions of different
dopants and multi-ion co-doped SC fibers. This opens the exciting possibility of
fabricating a monolithic all-SC-fiber architecture including components like saturable

absorbers, gain media, faraday rotators, sensors, etc.
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