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Abstract

High power laser sources of ultrashort pulses (~fs, 10° s, femtosecond) have numerous
applications in science, medicine, and technology such as spectroscopy, optical coherence
tomography, microscopy, laser micromachining and processing of materials (e.g., all smartphone
glass screens are cut with ultrashort laser pulses). The generation of ultrashort laser pulses requires
a laser gain medium to have a broad emission spectrum. Generation of ultrashort pulses with high
average power, on the other hand, also requires the gain medium to have good thermal
conductivity. These two requirements (i.e., emission spectrum vs thermal conductivity),
unfortunately, are contradictory to each other. Broad emission spectra (>30 nm) are generally
observed from materials with disordered structure, i.e., glasses, which have poor thermal
conductivity (~1W/m/K). Crystals, on the other hand, have good thermal conductivity (~5-10
W/m/K), but narrow emission spectra (<10 nm). At the same time propagation of intense laser
pulses induces strong nonlinear optical effects in laser components (laser crystals, lenses, and even
in air, etc.) which all should be minimized to avoid pulse spreading in time. Therefore, generation
of ultrashort laser pulses with high average power is not a trivial task not only from the material
properties point of view, but also from the way that these pulses are generated and stabilized. A
method of generation of ultrashort pulses is called mode locking. Fortunately, a new laser crystal,
Yb:CALGO, recently became available which has very good spectroscopic and thermal properties,
i.e. 50 nm of bandwidth and 6.9 W/m/K of thermal conductivity.

The first stage of the work focused on the continuous-wave (CW) operation of the laser. To
enhance the lasing efficiency, the intracavity losses were estimated and made sure that this loss
was low. The next step was high power CW operation by using a birefringent filter (BRF). The
use of traditional BRF can generate a wavelength pair with fixed wavelength separation for a fixed
filter thickness. But using the off-surface axis BRF we can change this separation without the need
to use different thickness of the filter. Also, the minimum obtainable wavelength separation is
inversely proportional to the filter thickness, so the first step was to design an optimized off-surface
axis BRF and then used two off-surface axis BRFs with 12 mm and 24 mm thickness in the
experiments. The shortest wavelength separation was approximately 4 nm in this experiment. |

believe this short wavelength separation with high output power will increase the usefulness of



DW lasers in THz generation and it will be suitable for different astronomical applications where
DW with short wavelength separation is needed. Conical refraction (CR) output from the laser was
obtained by using a separate conerefringent element (CRE). The resultant CR beam had very good

quality and with power scalable high output power.

The rest of the work was focused on the development of the ultrashort pulse generation by mode
locking method. Applications like nonlinear microscopy and fluorescence imaging require low
repetition (1-20 MHz) rate oscillators. But typically, the pulse repetition rate of the conventional
laser sources is around 70-100 MHz. The repetition rate can be reduced by a pulse picker or cavity
dumper which are complex in design and costly. As the repetition rate is inversely proportional to
the cavity length, the alternative simple way is to increase the cavity length which is known as the
extended-cavity method. Two experiments were performed for ultrashort pulse generation. In the
first experiment, the cavity was extended by using a 1:1 imaging telescope and 81 fs pulses were
obtained at 26.9 MHz repetition rate. Reducing the repetition rate further would need more optics
and complex alignment, so in the second experiment the cavity was extended by using the White
cell configuration which is compact and easy to operate. Pulses as short as 114 fs were obtained at
8.2 MHz repetition rate. Apart from 8.2 MHz, laser also worked 10.15 MHz and 13.85 MHz
repetition rate using the White cell. Hopefully, the development of such a compact and low
repetition rate femtosecond laser will be suitable for applications like nonlinear microscopy,

fluorescence imaging etc.



Acknowledgements

First, I would like to thank the almighty god for his countless blessings on me.

The completion of these experiments could not have been possible without the expertise and
guidance of my supervisor Dr. Arkady Major. | would like to thank him from the bottom of my
heart for giving me this opportunity. Not only he taught me laser engineering and research methods
but also, he taught me professionalism, kindness, and sincerity. Many thanks to my Ph.D.
committee members Dr. Cyrus Shafai and Dr. Jacob Burgess for their valuable suggestions and

comments. A very special thanks to the PostDoc Dr. Reza Akbari for his generous guidance.

I would like to express my gratitude to the University of Manitoba for awarding me graduate
fellowship, international graduate student scholarship and financial assistance over the years. |
would also like to thank the Natural Sciences and Engineering Research Council of Canada
(NSERC) and Western Economic Diversification Canada for funding.

| would like to thank my colleagues: Dr. Sujith Manjooran, Dr. Valadimir Montero Collado, Dr.
Mohammad Nadimi, Zohreh, Chinedu, Rubel Chandra for their fruitful suggestions and

discussion.

| would like to express my gratitude to my family. Without their support and sacrifice, | could not
make it. Thanks to my father Ahmed Ali, mother Nurun Nahar, brother Abdur Rahman. I would
like to express my gratitude to my wife Kaniz Maria Yousra for her constant support throughout

the journey.



Contents Page

No.

Y 1511 T I
ACKNOWIEAGMENTS. e eeiieiieiiiieeeietieeenetinreaeeensensenscsnsensesasensonsennsanssnssnnsansonns 11
LI Lo] (=) f0lo] 1 (=] ] TR v
LISt OF fIgUIS. e euiieiieieiiiniiaieeenrinieateesnsontsnssscnssnssnsssessnsonssssssonssnssssnssnssns IX
S = ] XV
List of symbols and abbreviationS...coueeieeeeeeeiiniieiieiiiitieeeeeneeneeeceecsencescescnses XVI

Chapter -1: INrOdUCTION v.viieiieiieiriniiereesnrenteesessnssnsessessnsonsssssssnssnssmosanerennenns 1

11 g 1 e 1 1 1

12 MOTIVALION «..cconnnnnnnneiiiiiiinesitietiisesssssteesssssnsssstomssssrieeeniimiimmmmrreeeeannins 3

1.3 PropertieS Of YDICALGO..uiiiiiiieiieiiiiiieeieintenteecescnsensescescnsensoscnscnses 4

131 Physical propertieS..ceceeceeeeeeeienieeceecssnseacescnsansenes 4

1.3.2 Energy level diagram....ccceeeeiieiieiniiniieenecneenenacnenns 6

1.3.3 SPECtrOSCOPIC PrOPEItIES. eeeurereeensreesarassecnsessssnsons 7

1.34 Thermo optical and thermo-mechanical properties...... 8

14 Thesis organization and contributioN.....cceeeviiieieiiiiiieiiernirniineneen 10

g ] 1 13



Chapter-2: Estimation of intracavity losses in continuous-wave Yb:CALGO laser

2.1 L oo (3 {0 o RO
2.2 Sources of INtracaVity 10SSES cuiveieeereenrieriereeenrsnteasersnsonsessssnssnssnsossn
2.3 EXPerimental SElUP..ceeeeeeieeiieeeeeniieeeeeeeentenceecesensensessesonsansescesansanes
2.4 ReSUlts and dISCUSSION..curutieiuitieiniiiierniieietiniiarnieetecntnecasesnesasasnssns
2.5 (070] 010} 11151 o] o TR
] 2 6

Chapter-3: Dual-wavelength operation of a diode-pumped Continuous-wave

Yb:CALGO laser based on optimized off-surface axis birefringent filter (BRF)

3.1 INTrOTUCTION uiniieininiiieiiiieiniiieeni ettt
3.2 Designing of an off-surface axis BRF ..cuieeiiiiiiiiiiiiiiiiiiieeiecniinceecnenn
3.3 Results and discussion for 12 mm off-surface axis BRF ....cccceeeeiieinnnnnn
34 Results and discussion for 24 mm off-surface axis BRF ............ccccu.....
35 (070] 0 1o] [T 1] o] o FOR PR
REfErences ....couevneiieviieiiniiiiiieiiiiiiiiiiiiiiiiieiiiiieietiteietiatenetnmmnmenneii,

Chapter-4: High power conical refraction (CR) output from continuous-wave

Yb:CALGO laser and its dual-wavelength operation .......cceeeeeeeiieeieccecnsencencens

4.1 THIFOAUCTION «ooevennnineiieiieeieiieeeeeeeereesessessssssssssssssssssssssssssssssonrmns

16

16

17

19

20

26

28

29

29

31

37

42

47

52



4.2 Experimental setup ....
4.3  Results and discussion
4.4
birefringent filter (BRF)
45  Conclusion................
References...ccceeeeeveeninecnrnnnens

Dual-wavelength output from CR laser and its tuning operation by using a

44.1 Dual-wavelength results with 6 mm regular BRF...............

442 Dual-wavelength results with 24 mm off-surface axis BRF

Chapter-5: A mode-locked Yb :CALGO laser with high peak power and sub-100fs
pulses at 27 MHz repetition rate

5.1

5.2

5.3

5.4

5.5

5.6

Introduction to Mode I0CKING «eueeeiieiieiniieiieeieeiieeeeenteneeaceecnscnsencescnss

51.1 SESAM MOde 10CKING..cuiteeitiniinreererrnrenseeserenssnsescssnsansones

51.2 Kerr-lens mode 10CKIiNG.coieeieeiieiniiniieiieeniiniieeieeniensencencens

513 KLAS M0ode 10CKING.cuettiiiiiiiniiiieineiniiteeeneetenceecescnsann

DiSpersion COMPENSALION .vueiuieireiurniierarnrierasrsesasnrsesasessesasassssnsesses

Extended cavity OSCIIAtOrS v..veeiieiieiieiniiniiereeeiinteeceeenssnseecessnscnsoncens

Motivation behind this eXperiment ....oevveiieiieriiieiierierirareesnesnrseceesnnns

Experimental setup ....

Result and discussion

Vi

60

61

63

65

66

68

70

72

73

73

74

75

76

77



5.7 Comparison with previous reSUlts.........o.evveivieiiieiiiieiseieiniessessscosasn 80

5.8 (070 o] [F 1Y T0] o SN 82

REfOrenCeS.....cuvvuiineiiniiieiiiiiiiiiiiiiiiiieiiaiitessaississsssnsssssnssssmmsmssssmsssssssssssassss O3

Chapter 6: Sub-100 fs mode-locked Yb :CALGO laser extended with a White cell

86
configuration

6.1 INTrOTUCHION. . euvtiieiiiiiiieiiiiiiiiiiiii e e e aaene 86

6.2 White cell configuration...cceeeeiiiieiieiiiiiieiieiniieiieciecnssnseacessnsonsns 87

6.3 EXPerimental SEtUP . veeeeeeieeeeeieiieeieeeeententeeceeensensescesensnnsmmmmsesnsosaenns 88
6.4 Results and diSCUSSION....eueiiiiiieieiiieieieiiiiiiiiiiiiieeeeeeenenenes 90

6.4.1 13.85 MHZ CaVItY.euieuieeireenriniiereeessnsensessnsonsossscnssnssnse 91

6.4.2 10.15 MHZ CaVityeeuieuieeeneeneiereeeeeensentencnscnsensencescnsansanne 94

6.4.3 8.2 MHZ CaVIlY.eieiiiniiniieeniiiieeneeneenenaceecnsensencnscnsensens 96

6.5 (0] o1 11 o] o A 99
RefErences.....ovuvvueieeieiieiiiiieiieiiiiiieiietiieiieeiatieiieciatestcsasssscssssscsssessenaes 100
Chapter-7: Conclusion and fUtUIE WOIKS c.ueeeeeieeeeeeeineeaceeententeeceecsencenconcescnss 102
7.1 CONCIUSION ..vonnivneiiniiniiniiieiieiiieeiaiinssssssstsssossssssossssssonssssssnsonsses 102
7.2 FUIUFE WOTKS «.cuuviniiniiiniiniiiiiiniiiiiiniiiiiieiiaiiiietetiatossssassnsossssnssnnes 103
Appendix A: Jones matrix calCUltioN............c.ceuiveiieiieiiiiniiaiieinrenienseesnssnsennn 105

Vil



Appendix B: po CAICUIATION. . .vvuiriiiiniiiiiaiiieieiiietaiiieiarieetesnseesasnssssasnssnss

Appendix C: Gaussian beam and ray traCing....coeeeeeeeeiineiuriiiereriineiacinesecnenenne

Appendix D: Alignment of the WHhite cell...........ceeueiniieiieiiiaiieeieeasinsescesensance

Vil



Figure 1.1

Figure 1.2

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7
Figure 3.1

Figure 3.2

List of figures

Schematic of Yb:YAG crystal splitting with upper & lower manifolds

and their energies. The laser transition shown by the heavy line.
Absorption and emission cross-section spectra of Yb:CALGO.

Energy level diagram and main transitions for (a) quasi-three-level and
(b) four-level lasers.

Schematic of the continuous-wave Yb:CALGO laser cavity used for
intracavity loss. AD: achromatic doublet, DM: dichroic mirror, Radii
of curvature of the curved mirrors: M1 =—-600 mm, M2 = -600 mm,
DM = Dichroic mirror, OC = output coupler, L1 = L5 = 700 mm,
(L2+L3)=L4 =324 mm.

Photo of the experimental setup.

(@)The recorded output power for different output coupler with the
change in the incident pump power (b) beam quality factor with beam

photo.
Variation in gain co-efficient for different p values.

(@)- (e) The lasing spectra (red lines) and the calculated gain spectrum
(blue lines) based on the absorption and emission spectrum for different
output couplers (f) the variation in calculated lasing wavelength with the

total cavity loss.
Loss estimation by a linear curve fitting based on Findlay-Clay method.
Birefringent filter showing notations used in the calculations.

Calculated transmission characteristics around 1050 nm of a laser
cavity with a BRF for its different rotation angles. A 6 mm thick BRF
with the optical axis at 45° with respect to its surface was used for
calculations. (a) Rotation angles from 15° to 35° and (b) from 65° to
115°.

6

19

20

21

22

24

31

33



Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9
Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Calculated transmission characteristics around 1050 nm of a laser cavity
with a regular BRF for its different rotation angles. (a) Rotation angles
from 15° to 35° and (b) from 65° to 115°.

Calculated variation of transmission as a function of the BRF plate
rotation angle at 1050 nm for a laser cavity with a 6 mm thick BRF.
Optical axis of the BRF plate lies at an angle of 45° (a) and 0° (b) with

respect to the plate surface.

Variation of free spectral range with plate rotation angle for a 6 mm-
thick BRF plate at 1050 nm with different values of the optical axis
off-surface angle values. (a) Off-surface angles 0 in the 0° to 90° and
(b) in the 55° to 75° ranges.

Variation of modulation depth with the plate rotation angle with
different values of the optical axis off-surface angle values. (a) Off-

surface angles 0 in the 0° to 90° and (b) in the 55° to 75° ranges.

Comparison of the traditional BRF and our selected off-surface axis BRF
with 12 mm thickness.

(@) Schematic of the laser cavity, (b) output power vs incident pump

power for 10% output coupler
DW output with ~1 nm (a) 2 nm - 21.68 nm (b) 25.9 nm - 41.44 nm.
DW output with ~0.1 nm spacing.

(a) Variation in output power for different wavelength spacing and (b)

obtained wavelength spacing for 5% and 10% output couplers.

Output beam quality factor for 10% output coupler. Inset: transverse
beam intensity profile.

DW pair (with 4.74 nm separation) generated by a differential BRF loss

mechanism.

33

34

35

36

38

38

39

40

40

41

42



Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Free spectral range of a 24 mm BRF for optical axis is at 55° with respect
to filter surface (black line), optical axis is on the filter surface (red line),
and bandwidth of Yb:CALGO (blue line).

Output power for different incident pump power with 10% OC.

(a) Dual-wavelength output from Yb:CALGO laser (b) second and sum

frequency components from BBO crystal.
(a) DW output with 1 nm spacing (b) DW output with 0.1 nm spacing.

(a) Variation in output power with wavelength separation (b) Obtained

wavelength spacings for 10% output coupler.

Schematic of (a) CR beam with two bright concentric rings separated by
dark Poggendorff ring, (a) to (c) is representing the transformation of a
CR beam into a Raman spot.

Schematic of the laser cavity. M1 = -300 mm, M2 = —250 mm, M3 = —150
mm. OC: output coupler, HR: highly reflective mirror. CRE: conerefringent

element.

The CR laser beam at the Lloyd image plane and its free-space evolution
along the beam propagation axis for the horizontal orientation of the Ni-
axis of the CRC. Here, z is the measured distance of the corresponding
beam position from the front surface of the OC a) z= 6.7 mm (b) z= 17
mm (c) z= 26.4 mm (d) z= 41.7 mm (e) z= 58 mm (f) z= 73.64 mm( (g)
is z= 300 mm away from OC which is the far-field view of the beam
(h) orthogonal polarization states of the diametrically opposite points on

the beam determined by a polarizer.

The output powers vs. the incident pump power for the CW laser (with and

without non-CR crystal) and CR laser.
Wavelength tuning of CR laser using 1 mm thick BRF.

Observation points of the evolution of the CR laser modes inside the

cavity.

Xl

43

44

44

45

46

53

54

56

57

57

58



Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4

Figure 5.5

Figure 5.6

(@) Intensity distribution of the laser mode travelling towards CRE after
a double-pass through the laser crystal and (b) Intensity distribution of
the laser mode going towards the laser crystal after a double-pass
through the CRE. (c) Intensity distribution after HR mirror with CR
crystal in the cavity and (d) Intensity distribution after HR mirror without

CR crystal in the cavity

The calculated free spectral range for a regular 6 mm BRF and a 24 mm
off-surface axis BRF.

Output power comparison of 6 mm and 24 mm BRF cavities with CW
regime (without BRF). The inset is the corresponding nice CR beam

recorded for 6 mm BRF.

(@) Dual-wavelength pairs with a regular 6 mm BRF and (b) the

corresponding CR beam photos.

Dual-wavelength pair with 8.82 nm generated by the differential loss

mechanism.

(a) Dual-wavelength output pair with 24 mm BRF (b) recorded CR

beam at different dual-wavelength separation.

The decrease in output power with increase in wavelength separation.
Mode locking process in (a) frequency domain (b) time domain [2].
(@) Structure of a SESAM [5] and (b) its important properties [3].
Kerr lens mode locking: (a) hard aperture and (b) soft aperture
Schematic of a GTI mirrors.

1:1 imaging telescope to extend the laser cavity without changing g-

parameter.

The schematic of the mode-locked Yh:CALGO laser. AD: achromatic
doublet, DM: dichroic mirror, GTI: Gires- Tournois interferometer, M1,

M2: concave mirrors, OC: output coupler.

Wl

59

60

61

62

63

64

64

69

71

72

74

75

77



Figure 5.7

Figure 5.8

Figure 5.9

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Intensity autocorrelation of the 81 fs pulses and the corresponding
spectrum with 14.14 nm bandwidth at FWHM

RF spectrum of the 81fs pulse recorded with a 1 kHz resolution

bandwidth and the m-square measurement.

Comparison of this work with the previous works which were in
repetition rate range 10-40 MHz in terms of the pulse duration and peak

power.

(@) The White cell configuration with three concave mirrors with the
equal radius of curvature, (b) photo of the field mirror and turning

mirrors used in this experiment.

Schematic of the low repetition rate cavity with a white cell used for the
mode locking operation of Yb: CALGO using a SESAM. AD:
achromatic doublet, DM: dichroic mirror, GTI: Gires- Tournois

interferometer, M1, M2: concave mirrors, OC: output coupler.

Adjusting the turning mirrors changes the number of bounces on the field
mirror (a) 3 bounces on the field mirror corresponds to 13.85 MHz
repetition rate, (b) 5 bounces on the field mirror corresponds to 10.15
MHz repetition rate, (a) 7 bounces on the field mirror corresponds to 8.2

MHz repetition rate.

Monitoring the mode-locked pulse train in combination of a fast

photodiode and oscilloscope at (a) 200 us/div and (b) 500 us/div scale.

Radio frequency spectrum of the pulse train with (a) 1 MHz frequency
span and 1 kHz resolution bandwidth (b) 100 MHz frequency span and
3 kHz resolution bandwidth.

(a) The intensity autocorrelation trace of the 68 fs pulses for 2.5% output
coupler from 13.85 MHz oscillator and (b) the corresponding optical

spectrum.

Xl

79

79

80

88

89

90

91

92

92



Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

The autocorrelator trace of the 73 fs pulse for 15% output coupler from

13.85 MHz oscillator (b) the corresponding optical spectrum.

(a) The autocorrelator trace of the 83 fs pulse for 2.5% output coupler
from 10.15 MHz oscillator (b) the corresponding 15.01 nm optical

spectrum.

(@) The pulse train with flat top indicates the mode -locking without any
modulation, (b) the high signal to noise ration of the RF spectrum
indicates the signal did not have any g-switched mode locking effect.

(@) The optical pulse train obtained recorded with fast diose and
oscilloscope to determine if it contains any modulation, (b) the RF

spectrum of the mode-locked signal.

(@) Autocorrelator trace for 114 fs pulse at 8.2 MHz repetition rate (b)

corresponding spectrum.

XV

93

95

96

97

98



Table 1.1
Table 1.2
Table 2.1

Table 2.2

Table 6.1

Table 6.2

Table 6.3

List of tables

Comparison of Yb laser crystals with Ti:sapphire
Physical properties of Yb:CALGO

Intracavity losses for different output couplers based on spectroscopic gain
analysis method. Here, Toc = Transmission of output coupler, A= Lasing
wavelength, B = Population inversion, g(A.) = wavelength dependent
effective gain coefficient, Lin = Intracavity losses

Calculated intracavity loss for different output couplers based on equation
4

Summary of 13.85 MHz experiments using the White cell (in the table, Pinc
= input power, Pout = output power, E, = pulse energy, = = pulse duration,
A4 = optical spectrum width at FWHM, TBP = time-bandwidth product)

Table 6.2: Summary of 10.15 MHz experiment using the White cell (In the
table, Pinc = input power, Pout= output power, Ep = pulse energy, 1= pulse
duration, AA= optical spectrum (FWHM), TBP = Time-bandwidth
product).

Summary of 8.2 MHz experiment using the White cell (In the table, Pinc =
input power, Pout= output power, Ep = pulse energy, z= pulse duration, 41=
optical spectrum (FWHM), TBP = Time-bandwidth product).

bY

23

26

94

96

98



List of Symbols and abbreviations

Symbols
Ep Pulse energy
f Repetition rate
fi Fractional population of lower laser level
fu Fractional population of upper laser level
L Length of cavity
Lin Roundtrip intracavity loss
le Crystal length
M? Beam quality factor (M-squared)
No Doping concentration
Pabs Absorbed pump power
Pinc Incident pump power
Pout Average output power
Ppeak Peak power
Pt Threshold pump power
Roc Reflectivity of the output coupler
Toc Transmission of output coupler
Wi Laser mode radius
Wp Pump mode radius

XVI



S reas
AL
AA
Oabs

Oem

AR
BRF
CR
CRE
Cw
DM
DW
FSR
FWHM
GTI
GVD
HR

Sech?

Fractional population inversion
Reabsorption loss

Lasing wavelength

Optical spectrum

Absorption cross-section

Emission cross-section

Abbreviations

Antireflection coated
Birefringent filter

Conical refraction
Conerefringent element
Continuous-wave

Dichroic mirror
Dual-wavelength

Free spectral range

Full width at half maximum
Gires-Tournois interferometer
Group velocity dispersion
Highly reflecting

Hyperbolic secant function squared

XV



KLAS

KLM

ML

MD

oC

RF

SPM

SESAM

TBP

Kerr-lens and saturable absorber
Kerr-lens mode locking

Mode locking

Modulation depth

Output coupler

Radio frequency

Self-phase modulation

Semiconductor saturable absorber mirror

Time-bandwidth product

XV



Chapter 1
Introduction

1.1 Introduction

“LASER” originated as an acronym for Light Amplification by Stimulated Emission of
Radiation. In laser, the electromagnetic radiation is optically amplified by the stimulated emission
process. Based on the proposed theory of Charles Hard Townes and Arthur Leonard Schawlow,
Theodore H. Maiman built the first laser in 1960. Unlike other light sources, a laser emits coherent
and monochromatic light [1.1]. A large range of spectrum from ultraviolet to far-infrared is
covered by various types of lasers such as solid-state lasers, gas lasers, semiconductor lasers, dye
lasers, fiber lasers, etc. in the form of continuous-wave or ultrashort pulse operation regimes.
Compared to other types of lasers, solid-state lasers are popular because of their high efficiency
and better beam quality. In most of the cases, solid-state lasers are pumped by laser diodes (instead
of flash lamps) because of their narrow spectral output which increases its absorption in the solid-
state material. The use of laser diodes instead of flash lamps for pumping was demonstrated by R.
J. Keyes and T.M. Quist for the first time in 1964 [1.2].

Ultrafast laser technology with the femtosecond pulse duration has numerous applications such
as multiphoton imaging, X-rays generation, micromachining, time-resolved spectroscopy, etc. It
is possible to obtain a very precise time resolution because of the short pulse duration. In addition
to that, the highly confined energy within the very short pulse duration can induce various
nonlinear effects. Thus, a high spatial resolution can be obtained because of the localization of
these non-linear effects only to the focal spot area [1.3]. The pulse width and its optical bandwidth
are related by the Fourier transform. So, if we obtain a shorter pulse duration it means that its
spectral bandwidth should be broader. The high bandwidth is attractive for optical communication.
For a certain amount of pulse energy, its peak power and peak intensity are inversely proportional
to the pulse duration [1.4]. Therefore, it is possible to obtain very high peak power with ultrashort
pulses. In the following paragraphs, we would like to briefly discuss a few applications of the

lasers that produce femtosecond pulses (102° s).



Femtosecond lasers are very popular in biomedical applications. They can perform optical
imaging in scattering media such as tissues with better resolution and depth information. Using
two-photon excitation, a good spatial resolution has been obtained by nonlinear laser microscopy
[1.4-1.6]. As we can generate high peak power pulses (>1 kW) without having high pulse energy,

this makes femtosecond lasers useful for sensitive biological tissues.

High-power lasers with ultrashort pulses are also very attractive for material processing. In the
case of continuous-wave lasers, accurate and high-quality cutting or drilling is hard because of the
heating effect arising around the focus area. On the other hand, short duration pulses with moderate
energy and high peak power make it possible to cut or drill with high precision because of the
reduction of the deposited heat into the sample during laser operation [1.4].

Ultrafast pulse technology could play a vital role in optical communication. The low loss
window of the optical fiber has a bandwidth comparable to the bandwidth of sub-100 fs pulses.
So, it is possible to accommodate multiple channels within this high bandwidth for wavelength
division multiplexing (WDM) [7]. Along with shorter pulse generation, it is also important for

signal processing and advanced metrology [1.4].

Using the nonlinear harmonic generation process, it is possible to generate shorter wavelengths
from the lasers with high intensity pulses in the visible range. This short coherent wavelength is

important to study microscopic structures such as DNA [1.4, 1.8].

Laser pulses directed to solid targets with intensities of 1012 W/cm? or higher can remove the
electrons from atoms. However, within a very short time range such as 100 fs, it is not possible to
separate them from the ionized nuclei. Using this property, one can study solid density plasma at

a temperature of around 1 million degrees [1.4].

Using femtosecond time scale of the pulses, ultrafast spectroscopy becomes a popular tool for
microscopic object study such as photoexcited electron-hole dynamics and interaction with lattice
vibrations, laser-induced photodissociation, melting, and solution dynamics of chemical species.
In addition, to observe the dynamic chemical reaction, it is also possible to control their direction
using ultrafast technology [1.4].



1.2 Motivation

Ti:sapphire has been a popular ultrafast laser source for many years because of its 180 nm
emission bandwidth and 34 W/m/K thermal conductivity [1.9,1.10]. Because of its large emission
bandwidth pulses as short as 5 fs have been generated and wide wavelength tuning operations have
been reported as well [1.11-1.13]. However, Ti:sapphire has limitations as well. The efficiency of
Ti:sapphire is low, and another laser system was needed to pump it. Argon-ion laser or a frequency-
doubled Nd:YVO4 were used to pump Ti:sapphire laser systems [1.13,1.14]. This problem has
been overcome recently by using InGaN or GaN laser diodes [1.15-1.17], however, to get the high

peak power or pulse energy, complicated and costly amplification methods are needed [1.18].

Because of the above-mentioned limitations, the development of an alternative laser material
was of interest. Among different available laser materials, Yb-ion doped laser crystals are popular
because of their low quantum defect i.e. difference in energy between the pump photon and laser
photon and no concentration quenching. The concentration quenching increases with doping levels
and caused non-radiative decay of excited ions from the upper laser level to the ground level. As
a result, the efficiency of the laser decreases [1.19, 1.20]. Also, the absorption band of the Yb-
doped materials is around 980 nm which can be easily pumped by available InGaAs laser diodes.

Compared to other laser crystals, Yb-doped laser materials have comparatively broad emission
bandwidth and high thermal conductivity which are suitable for the generation of ultrashort pulses
with high output power. Over time, several Yb crystals have become popular for ultrashort pulse
operation. A comparative study of the popular Yb-ion laser materials with Ti:sapphire is given in
table 1.1. The optical-to-optical efficiency were calculated with respect to incident pump power

and only mode-locked lasers were considered.

Based on table 1.1, we can see that a combination of broad emission bandwidth with high
thermal conductivity for an Yb—doped crystal is rare except for Yb:CALGO. It has a broad
emission bandwidth with high thermal conductivity compared to the other Yb-doped crystals.
Based on the above table, Yb:CALGO is clearly the best choice for high power ultrashort pulse
operation. In the next section of the thesis, the physical and optical properties of Yb:CALGO

crystal will be discussed.



Table 1.1. Comparison of Yb laser crystals with Ti:sapphire

Central emission Thermal Optical-to-
Laser crystal Emission peak conductivity optical
bandwidth (nm) Efficiency
(nm) (W/m/K) (%)

Ti:sapphire 180 790 34 10 [1.13]
Yb:YAG 9 1031 11 12.66 [1.21]
Yb:KGW 25 1030 3.3 10.66 [1.22]
Yb:KYW 24 1025 3.3 3.75[1.23]
Yb:Glass 35 1020 0.8 12.79 [1.24]
Yb:CaF; 30 1047 9.7 18.33 [1.25]

Yb:CALGO 50 1050 6.9 20 [1.26]

1.3 Properties of Yb:CALGO

In this section, the discussion will be focused on the fundamental properties of Yb:CALGO

including its structure and preparation, optical properties and thermal properties.

1.3.1 Physical properties

Yb:CALGO was first introduced by Petit in 2005 [1.27]. This crystal is grown by Czochralski
method. Raw Yb,0s3, CaCOs, Gd203 and Al,Os powders are mixed based on the formula
CaGdo.92Yho.0sAlO4 and under very high pressure of about 300 MPa, they become tiny crystal
pieces. Then those pieces are charged into an aluminium cubicle and sintered at 1200°C
temperature to finish a solid-state reaction based on the following chemical formula:

CaCO3z + 0.04Yb203 + 0.46Gd203 + 0.5A1203 CaGdo.92Ybo.0sAlO4 + CO21.



With a single CALGO crystal seed, the crystal can then be pulled out from the melt with an
appropriate size [1.28].

The rare earth calcium aluminate CaLnAIO4 (where Ln=Y, La,..Gd...Lu) is a tetragonal system
and is a member of ABCD4 compounds [1.28]. Here A= Ca, Sr, or Ba, B= Gd or other rare earth
metals, C= Al, Ga or other transition metals. The Chemical formula for CALGO is CaGdAIlO4and
Ca?" & Gd* occupy the same crystallographic sites and are expected to be replaced by Yb3®*.
Although Ca?* and Gd** share the same crystallographic site, it is more likely that the substitution
will happen with Gd®" because of the same valence of Gd** and Yb®' ions. As a result, an
inhomogeneous broadening happens which leads to a large emission bandwidth. This kind of
disorder might reduce the thermal conductivity as well which is obstacle for high power laser
operation. However, to minimize the negative impact on the thermal conductivity due to adding
the doping ions, the atomic mass of the dopant should be close to the mass of the substituted ions.
The atomic mass of Yb3* ion is 70 and the mass of Gd®* ion is 64. Because of this small difference,
Yb:CALGO shows excellent stability [1.29]. In Yb:CALGO, the optic axis is parallel to the
crystallographic c-axis. Therefore, there are two principal refractive indices (ne and no) and two
polarizations with electric field E parallel to the c-axis which is mt-polarization and E perpendicular
to the c-axis which is known as o- polarization. Some physical properties of Yb:CALGO crystal

are listed in table 1.2.

Table 1.2. Physical properties of Yb:CALGO [1.30]

Physical properties Values
Crystal structure Tetragonal
Density 5.97 g/cm?®

Melting point 1840°C
Ne = 1.9331

Refractive index

no =1.9564
Group velocity dispersion (1050 nm) 95 fs?/mm

dno/dT=-7.6*10° K™

Thermo-optic coefficients
dne/dT=-8.6*10° K

Emission bandwidth ~50 nm




1.3.2 Energy level diagram

Yb-ion lasers are highly efficient because of their simple energy level scheme. The absorption
and emission occur between two manifolds. Since this scheme does not have any additional loss
channel, the concentration quenching, upconversion and excited state absorption will be lower
which makes it very useful for high power laser operation with shorter pulses. The upconversion
can be defined as a process where the emitted photons have higher energy than the excited photons.
This can happen with intense pump source which might cause sequential absorption. The excited

state absorption is the process where the ions in the excited states cause absorption of light which

directly reduces the laser efficiency.

. 10679 cm?
2Fs/2 f 10624 cm?
10327 cm
el e|lel E|E| E| ¢
o c Cl mw| o =
2| S18/2|8]e| §
o)} a o — — — 53
l 785 cm
612 cm™?
2F7/2
] 565 cm
0cmt

Figure 1.1: Schematic of Yb:YAG crystal energy level splitting with upper & lower manifolds and

their energies. The main laser transition shown by the heavy line.



Ytterbium has only two manifolds, the ground state (2F7/2) and an excited state (ZFS/Z) which
are located 10000 cm™ away from each other. The upper state (2Fs /2) degenerates into three Stark
levels and the lower state ( 2F7/2) degenerates into four Stark levels [1.31, 1.32]. The host
determines the separation between the Stark levels which may vary from 400 cm™ to 1300 cm™.
To get a better idea of the pump and laser transitions, consider the energy level diagram of
Yb:YAG in figure 1.1 (The crystal splitting of Yb:CALGO is not available) [1.33]. At room
temperature the fractional population in the lower laser level is f1 = 0.046 and the fractional

population in the upper laser level is f = 0.70.

1.3.3 Spectroscopic properties

The inhomogeneous broadening in Yb:CALGO that occurs from the disordered structure results
in the broad emission bandwidth. As Yb:CALGO is a uniaxial crystal and its optical axis is parallel
to the c-axis, so there are two polarizations as stated in section 1.3.1. The absorption and emission
spectrum for both polarizations are shown in figure 1.2. The highest absorption is around 979 nm
and the absorption for the m-polarization is higher than for the o-polarization. Although the
absorption peak is at 979 nm, the absorption in the 930-990 nm range is reasonably high [1.34].
The emission is high for the o-polarization and the peak emission is around 1050 nm with

approximately 50 nm emission bandwidth.

Gabs: Oemi (1 020cm?2)

850 900 950 1000 1050 1100
Wavelength (nm)

Figure 1.2: Absorption and emission cross-section spectra of Yb:CALGO [1.34].
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For high-efficiency laser, the emission cross-section (cem) and the lifetime (t) of the upper laser
state play a vital role. The higher the gemz product is, the lower the laser threshold will be. The
value of the emission cross-section of Yb:CALGO crystal is gem= 0.8 x102%cm? and the value of
the lifetime is 7= 420 ps [1.3]. Therefore, the value of cemt product is 3.36 X108 us cm? which is
also satisfactory compared to the popular Yb:KGW laser which has gemz product of 16.8 x1078 s
cm? but twice lower thermal conductivity. To minimize the laser threshold further, low output

coupler transmission should be used while keeping other cavity losses at minimum.

1.3.4 Thermo-optical and thermo-mechanical properties

Heat management is an important part of laser design, as heavy heat loads might cause the
thermal lensing effect which has a negative impact on the laser operation and thermal stresses
which might cause a fracture of the laser crystal. To evaluate thermal performance of a laser
crystal, thermal expansion coefficient (o) and thermal conductivity (k) play a vital role. Based on
the thermal expansion coefficient, one can understand the expansion or shrinkage of the laser
crystal with the variation in temperature while thermal conductivity tells us how fast it can release
the produced heat.

The thermal expansion coefficient depends on the characteristics of the bonds of the materials.
Materials with more ionic bond characteristics show higher thermal expansion. But materials with
covalent bonding which has equal bonding strength show weaker thermal expansion. Due to
thermal expansion, the end faces of the laser medium deform. In addition to that, thermal expansion
causes thermal lensing effect by stress-induced variation of refractive index. The situation becomes
even worse when the thermal expansion and the induced stress is so strong that it may result in the
fracture of the laser medium. For anisotropic crystals, the variation of the thermal expansion is
orientation sensitive and may result in fracture at high temperatures [1.34-1.36]. For a laser crystal,
the maximum permitted heat load (before a fracture occurs) is inversely proportional to the thermal
expansion coefficient. The value of thermal expansion coefficient in Yb:CALGO for the a and ¢
crystallographic axes (a-axis is perpendicular to the c-axis) are aa = 10x10° K* and ¢ = 16x10°
K [1.34] which is satisfactory compared to its competitor laser crystal Yb:KGW with aa = 4x10°
® K, ap=3.6x10° K 0c=8.5 x10° K1 [1.37].



Thermal conductivity plays a vital role in reducing the thermal effects. Thermal conductivity is
the result of phonon diffusion in the materials. The population of phonon states increases with
temperature which in turn reduces the thermal conductivity of a crystal at normal operating
conditions. In addition to that, doping has an impact on thermal conductivity. Defects, impurities,
dopant ions add irregularities in the lattice structure. These irregularities in the lattice structure are
the source of scattering. This is the reason behind the low thermal conductivity of disordered
materials. Sometimes, a drastic reduction in thermal conductivity is also noticed as a result of high
doping. If the dopant ions and the replaced ions are nearly the same in radii, mass and effective
charge, then the total disorder is also very low in the crystal. In this situation, the degradation in

the thermal conductivity is also very low.

The influence of doping on the thermal conductivity for Yb: CALGO has been shown in Ref.
1.34. The variation of thermal conductivity was calculated for various substitution ratios from
100%-Gd / 0%-Ca to 50%-Gd / 50%-Ca. In the case of the substitution of Gd** by Yb®*, there
should be no effects on thermal conductivity i.e., the thermal conductivity should remain almost
the same. However, experimental results were different from the calculated ones. So, it was
proposed that this could be the reason for the substitution of Ca ions by Yb ones. The base of this
proposal is that “Gd and Ca share the same crystallographic symmetric site”. When the calculated
results were compared with the experimental results, it was apparent that the best fit was the 80%-
Gd/ 20%-Ca line. However, it was shown that below 5% doping concentration, it matched more
closely with the 70%-Gd/30%-Ca line. The thermal conductivity along the a-axis is actually better
than for the c-axis. The same statement was also mentioned in Ref. 1.36, where thermal

conductivity along the a-axis and c-axis was ka = 6.9 W/m/K and kc = 6.3 W/m/K.

The change of refractive index with temperature is very important as this change in refractive
index will cause the thermal lensing effect. This effect can be due to the temperature itself, i.e. An
is proportional to the dn/dT or in the other case, the variation of the refractive index could be
because of the stress, i.e. 4n is proportional to the thermal expansion coefficient of the material.
If the laser crystal is heated inhomogeneously then dn/dT will depend on the orientation of the heat
flow, orientation, and shape of the heated zone. The dn/dT could be positive or negative. For
uniaxial Yb:CALGO, two thermo-optic coefficients (dno/dT for z-polarization and dne/dT for o-

polarization) are observed as its optical axis is parallel to the crystallographic c-axis. The values



of TOCs (thermo-optic coefficients) at 1.03 pum are: dno/dT =-7.6 x10-5 K* and dne/dT= -8.8 x10-
6 K1 [1.34].

1.4 Thesis organization and contribution

This thesis has 7 chapters. In chapter 1, the applications of ultrashort pulses in various fields
have been discussed. Then the motivation and goal of this work have been discussed as well. The
reason for choosing Yb:CALGO crystal has been discussed in this chapter as well. The physical,

optical and thermal properties of Yb:CALGO have been discussed in this chapter.

In Chapter 2, the intracavity loss estimation in our continuous-wave (CW) laser has been
discussed. Intracavity loss estimation is important as it has an impact on lasing efficiency and in
an extreme case it might cease lasing as well. The loss measurement was based on the
spectroscopic gain analysis and the results were compared with the traditional loss estimation
methods (Findlay-Clay and numerical methods). Based on this work, the following paper has been
published:

1. Md. A.R. Reza, P. Loiko, and A. Major, “Intracavity loss measurement in a diode-pumped
Yb:CALGO laser”, Proc. of SPIE, vol. 10896 (2019).
[The results from this experiment have been drafted for submission to the Laser Physics

journal.]

In chapter 3, the dual-wavelength operation and its wavelength tuning based on a birefringent
filter (BRF) have been discussed. An off-surface axis BRF was used instead of a traditional one as
it allows to change the dual-wavelength separation without the need to use BRF with different
thicknesses. The designing process of the off-surface axis BRF has been discussed and then results
have been discussed based on a 12 mm and 24 mm off-surface axis BRFs. This chapter is based
on the following publications:

1. Md. A.R. Reza, C. Dyck, S. Manjooran, P. Loiko, and A. Major, “Optimized birefringent
filter design for mutli-wavelength operation of Yb-ion lasers”, Proc. of SPIE, vol. 10513
(2018).
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2. Md. AR. Reza, R. Akbari and A. Major, “Dual-wavelength Yb:CALGO laser with
wavelength spacing tunability”, Proc. of SPIE, vol. 11259 (2020).

[The results from this experiment have been drafted for submission to the Optics Letters

journal.]

In chapter 4, the conical refraction output based on the Yb:CALGO laser has been discussed.
In the laser setup, the gain medium was separated from the CRE which allowed it to generate an
exceptional quality beam with high output power. In addition to that, the tuning and dual-
wavelength operations were performed as well using the birefringent filters. This chapter is based

on the following publication:

1. Md. A.R. Reza, R. Akbari, K.A. Fedorova, G.S. Soklovskii, E.U. Rafailov, and A. Major,
“Diode-pumped Yb:CALGO laser with conical refraction output”, Proc. of SPIE, vol.
11259 (2020).

[The results from this experiment have been drafted for submission to the Applied Physics

B journal.]

In chapter 5, the results of the mode-locked Yb:CALGO laser with high peak power have been
presented. To get the high peak power, the laser cavity was extended by using a 1:1 imaging
telescope. Pulses as short as 81 fs were obtained from this experiment. This chapter is based on

the following publication:

1. Md. AR. Reza and A. Major, “Ultrafast laser sources for nonlinear imaging and

spectroscopy with high energy in sub-100 fs pulses”. Proc. of SPIE, vol. 11825 (2021).

[The results from this experiment have been drafted for submission to the Laser Physics Letters

journal.]

In chapter 6, the results for the mode-locked laser have been presented where the laser cavity

was extended by a White cell configuration. By using simple optics, mode locking at 13.85 MHz,
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10.15 MHz and 8.2 MHz repetition rates were observed. From this experiment 68 fs pulses were

obtained. This chapter is based on the following publication:

1. Md. A.R.Rezaand A. Major, “Low repetition rate Yb:CALGO laser extended with a White
cell configuration”. Proc. of SPIE, vol. 11980 (2022).

2. Md. A.R. Reza and A. Major, “Femstosecond extended-cavity Yb:CALGO laser operating
at sub-10 MHz repetition rate”. Proc. of SPIE (2023).

[The results from this experiment have been drafted for submission to the Optics Letters

journal ]

In chapter 7, the summary of the experiments has been presented, as well as some possible
works that might be done with the Yb:CALGO laser have been discussed.
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Chapter 2
Estimation of the intracavity losses in a continuous-

wave Yh:CALGO laser

The knowledge of the intracavity losses arising from various laser components is crucial for
efficient laser operation. Traditional loss estimation method such as Findlay-Clay analysis or the
numerical modeling method is good for a four-level laser system, however, for quasi-three-level
laser system the spectroscopic gain analysis is a more reliable and simple technique. In this chapter,
the result of the losses based on the spectroscopic gain analysis method has been discussed. A

comparison with the traditional gain analysis methods has been presented as well.

2.1 Introduction

One of the most important factors to ensure the efficient operation of the laser sources is to keep
the intracavity losses as low as possible. Besides reducing the lasing efficiency, intracavity losses
can cease the lasing in the worst-case scenario. Although the intracavity losses are unavoidable as
the sources are from the laser cavity mirrors, laser crystals, reabsorption loss in quasi-three-level
laser, non-saturable losses in semiconductor saturable absorber mirrors (SESAM) etc., a careful
laser operation with minimum intracavity losses can minimize their impact [2.1]. There are
different techniques that can be used for intracavity loss estimation in lasers. Traditionally loss
estimation was done by using Findlay-Clay analysis [2.2] and numerical methods which are good
to measure losses at laser threshold in four-level laser systems [2.3-2.7]. Zhao et al. showed that
these methods can be erroneous for quasi-three-level laser systems [2.1]. Also, the measurement
might add some error above the laser threshold. It was also shown that, estimating the intracavity
losses based on spectroscopic gain could be simple, dynamic and gives accurate measurements
above the laser threshold and it can be applicable for quasi-three level lasers [2.1]. In this work,
the loss estimation for a continuous-wave Yb:CALGO laser by spectroscopic gain method,

Findlay-Clay analysis and numerical method has been demonstrated with a detailed discussion of
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the methods in the next sections. By using the spectroscopic gain analysis method, the loss was
between 2.3%-3.3%. Based on the Finlay-Clay analysis method, the estimated loss was about
3.5%. From the numerical calculation, the estimated the loss was between 3%-3.7% for different

output couplers.

2.2 Sources of intracavity losses

Intracavity losses are unavoidable parasitic losses that have a bad impact on the output power.
Especially for a lower output coupler, the output power is very sensitive to intracavity losses. In
case of significant intracavity losses, the output may be ceased. Below are some sources of

intracavity losses:

(i) Cavity mirrors

The cavity mirrors are supposed to be highly reflective at lasing wavelengths. However, an
imperfection in the coating of the cavity mirrors leads to leakage of the intracavity power which
ultimately increases the losses. For example, the imperfection in the dichroic mirror causes to emit
the intracavity power which will reduce the efficiency of the laser. Also, the cavity mirrors should

be neat and clean. If it has dust particles on it, it will cause scattering losses.

(ii) Reabsorption losses

The reabsorption losses are a very common phenomenon in a quasi-three-level laser. The reason
is that because of the small Stark splitting of the ground level, a small number of electrons are
thermally excited to E; level which causes the reabsorption of lasing photons as shown in figure
2.1(a). In the case of a four-level laser system, due to the large energy difference between Eo and
E1, reabsorption losses are not possible which is shown in figure 2.1(b). For an end-pumped laser,
the reabsorption losses play a very important role in determining the efficiency. For highly efficient
laser operation, the overlap between the pump beam and laser beam in the gain medium is very
important. We can minimize the intracavity losses with good overlap. However, due to the thermal
lensing effect, sometimes the laser beam becomes larger than the pump beam which causes

reabsorption losses.
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Figure 2.1: Energy level diagram and main transitions for (a) quasi-three-level and (b) four-level

lasers.

(iii) Losses from SESAM

Semiconductor saturable absorber mirror (SESAM) is used in a laser cavity to lock all the
longitudinal modes in phase to generate ultrashort pulses. Light with low intensity will be absorbed
while very high-intensity pulses will be reflected. If the coating on the SESAM has leakage, then
the reflection is not 100%. This loss contributes to the intracavity loss.

(iv) Losses from a laser crystal

The trivalent rare-earth ions doped crystals are used as a gain medium for the solid-state laser.
The crystal should be transparent i.e., with low absorption and low scattering at the laser
wavelengths. The impurities and defects in the laser crystal can enhance absorption and scattering
losses. The surfaces through which laser beam passes should be at Brewster’s angle or

antireflection coated. Imperfect coatings can increase the losses.
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2.3 Experimental setup

In the intracavity loss estimation experiment, a 5 mm long a-cut 2 at. % doped Yb: CALGO
(Castech) crystal was pumped by a fiber-coupled laser diode at 979 nm. The fiber core diameter
was 105 um and the numerical aperture was 0.22. Both ends of the crystal were antireflection
coated to minimize the intracavity losses and it was also wrapped with indium foil to improve heat
removal. Unpolarized light from the laser diode was imaged into the Yb:CALGO crystal by using
two lenses of 50 mm and 150 mm focal length. The resultant spot size was 315 um in diameter.
To ensure that the cavity mode stays inside the pumping zone and the laser beam spot size was
280 um in diameter which was estimated based on ABCD matrix analysis. The cavity design was
done by considering the thermal lensing issues and the crystal was water-cooled to maintain the
temperature around 18 °C. About 56% of the pump power was absorbed in the laser crystal without
any lasing in the cavity. The laser cavity is shown in figure 2.2. The output power was monitored
by a power meter. A spectrometer (Anritsu MS2687B) with fine resolution (0.1 nm) was used to

record the laser spectrum.

LD
(Pump
source)

Figure 2.2: Schematic of the continuous-wave Yb:CALGO laser cavity used for intracavity
loss. AD: achromatic doublet, DM: dichroic mirror, Radii of curvature of the curved mirrors:
M1 =-600 mm, M2 = -600 mm, DM = Dichroic mirror, OC = output coupler, L1 = L5 =700
mm, (L2+ L3) = L4 =324 mm.
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The actual photo of the experimental setup is shown in figure 2.3 with different components used

in the laser cavity as described above in figure 2.2.

‘ Fiber tip holder ‘ ‘ Fiber coupled to laser diode (Yellow color) l

Power meter

Laser diode cooling system \

Laser diode holder ‘

’ Curved mirrors (M1)

’ Curved mirrors (M2)

Output coupler (OC) ‘

‘ Crystal cooling system

‘ Crystal holder ‘ ‘ Dichroic mirror (DM) ‘ ‘ Pump beam imaging lenses

Figure 2.3: Photo of the experimental setup.

2.4 Results and discussion

The laser performance was initially evaluated with different output couplers with transmissivity
from 0.8% to 10%. As stated in Ref. 1 that the loss estimation based on the spectroscopic gain
analysis method could introduce unreliable loss estimation for too large or too small losses, so the
experiment was continued for the above-mentioned output couplers. The highest output power
(5.95 W) was obtained with a 10% output coupler at 25 W of incident pump power. The output
power for different output couplers at different incident pump power is shown in figure 2.4(a). The

beam quality factor was also measured, and it was close to 1 which is shown in figure 2.4(b).
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Figure 2.4: (a) The recorded output power for different output couplers with the change in the

incident pump power, (b) beam quality factor with transverse beam intensity profile.

The impact of intracavity losses on the laser efficiency is profound so it is very important to
estimate the intracavity losses in the laser cavity. Findlay and Clay proposed a model to estimate
the losses in a four-level laser system [2.2]. The model was based on the fact that the peak gain of
a laser system is spectrally independent of the loss. This makes a linear relationship between the
logarithm of the output coupler reflectivity and the threshold pump power. To estimate the
intracavity losses based on this Findlay-Clay method, one needs to use several output couplers and
determine the threshold pump power for each of these output couplers. Though this model is
completely reliable for a 4-level laser system, in quasi-three-level lasers the reabsorption loss plays
a vital role which is also wavelength dependent. Because of this wavelength dependency of the
gain and loss for quasi-three-level lasers, the linear relationship cannot estimate the losses
accurately. Also, it is important to estimate the intracavity losses above the laser threshold to
maintain efficient operation which cannot be done using the Findlay-Clay analysis as it can give a
measure of losses at laser threshold only. Zhao et al. showed that spectroscopic gain analysis can
be a good candidate for dynamic loss estimation in quasi-three-level lasers [2.1]. This model was
based on the fact that the peak gain coefficient of the quasi-three-level lasers is dependent on the
loss. In steady-state laser operation, the overall losses would be balanced by the gain which can be

expressed by:
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Roc(l - Lin)exp [Q(AL)]::L (2-1)

where Roc= reflectivity of the output coupler, Lin = roundtrip intracavity loss and g(4,) =
wavelength dependent effective gain coefficient. If one knows the gain-coefficient values, then
one can get the corresponding intracavity loss from equation 1. The gain-coefficient determines

the output oscillating wavelength, and one can find its value based on the following equation [2.8]:

g (/IL) = 2 Nyl [ﬁ( O'abs(/lL) + O'em(AL)) - O'abs(/lL)] (2-2)

where No = doping concentration, Ic = length of the crystal, oans(AL) & oem(ZL) = absorption and
emission cross-sections at lasing wavelength, respectively, = fractional population inversion. The
variation in the peak of the gain-coefficient for a 5 mm long Yb:CALGO laser for different g
values is shown in figure 2.5. The graph is based on equation 2.2, where the absorption and

emission cross-sections data were provided by P. Loiko [2.9].
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Figure 2.5: Variation in gain co-efficient for different p values.

This spectroscopic gain analysis technique allows measuring the intracavity loss at any power
level without the need to use multiple output couplers. Just one output coupler can give the loss
estimation based on the above equations. The lasing wavelength A, the fitted fractional population
inversion g, the gain coefficient g(A.) at the lasing wavelength, and the calculated intracavity losses

(Lin) are listed in Table 1. The lasing spectra and the calculated gain spectrum for different output
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couplers are shown in figures 2.6(a) - 2.6(e). For all the output couplers the emission spectrum
was recorded at 25 W of incident pump power and no shift in wavelength was observed with the
variation in pump power. The calculated intracavity loss was ~2.3%-3.3% for different output
couplers. The variation in the intracavity losses between the different output couplers might be
coming from the residual misalignment after changing them and another source could be the
variation in the cavity mirror reflectivity in 1045-1055 nm wavelength range. The resolution of
the spectrometer (Anritsu MS2687B) was 0.07 nm and it could limit the accuracy of the
measurement as well. The absorption and emission spectra values for this experiment were
measured at room temperature [2.9] and these values are dependent on the temperature, therefore
it can add some errors in the calculation as well. The laser setup was a tabletop set up and it was
operated in a cleanroom environment. As the setup was not covered, therefore the dust particles
and related scattering might be a variant as well.

Table 2.1: Intracavity losses for different output couplers based on spectroscopic gain analysis
method. Here, Toc = transmission of output coupler, A.= lasing wavelength, g = fractional

population inversion, g(Z.) = wavelength dependent effective gain coefficient, Lin = intracavity

losses.
Toc AL (nm) yij g(ML) Lin (%)
0.8 1054.94 0.047 0.033 2.47
1.6 1053.34 0.051 0.038 2.28
24 1052.54 0.063 0.0541 2.94
5 1049.28 0.086 0.0852 3.33
10 1045.84 0.123 0.139 3.30

The losses based on spectroscopic gain analysis could be erroneous when the losses introduced
by the output coupler are too high or too low as the gain spectrum could be comparatively flat or
the longer wavelengths could cause weak reabsorption losses [2.1]. Therefore, it is important to
determine the range of acceptable loss. Based on the equation 1, the total loss i.e. (Roc + Lin) VS the
calculated lasing wavelength could give an idea about that which is shown in figure 2.6(f). At the

lower loss level, the lasing wavelength has a high variation which translates into a broad/multi-
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peak laser spectrum and at the high-level loss the lasing wavelength becomes almost invariable

due to the flat gain spectrum, so the range of losses in between these two could give reliable loss

estimation. Based on figure 2.6(f), this range is approximately 3%-22% for this experiment.
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Figure 2.6: (a)-(e) The lasing spectra (red lines) and the calculated gain spectra (blue lines) for

different output couplers, (f) the variation in calculated lasing wavelength with the total cavity

loss.

The loss was also estimated by using the Findlay-Clay analysis. The main equation of this

technique can be re-written by including the reabsorption loss as below [2.2]:

Py, =K (Lin - ln(Roc) + 8reans)
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where Py, = threshold pump power, Roc = reflectivity of output coupler, Lin = roundtrip intracavity
loss and K is a constant. The reabsorption loss can be defined as dreabs = 2Nolcoans(AL) [2.1] where
No is the doping concentration, I¢ is the crystal length. For this experiment, the threshold pump
power (P,;) was determined by using a viewing card to visually find a point when the lasing ceased
while reducing the incident pump power. As it can be seen from figure 2.7, the relationship
between the threshold pump power and the In (Roc) is almost linear. The intercept of the linear fit
with the x-axis from this graph will yield the overall cavity loss. From figure 2.7, it can be seen
that the overall cavity loss (excluding the loss of the output coupler) is 7%, and the average
reabsorption loss is about 3.5 % which will give an estimated intracavity loss of 3.5%.

—a— Findlay-Clay
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Figure 2.7: Loss estimation by a linear curve fitting based on the Findlay-Clay method.

Taira et al. modelled the laser performance of the end-pumped quasi-three-level oscillator
considering the reabsorption losses [2.4]. The threshold pump power (P;;,) was calculated based
on the following equation:

hup (Wazp+ le)
41 0qps(AL)+0em (A (fut+f1)

Py = (Toc + Lin + Oreabs) (2.4)
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where hv,= pump photon energy, the lifetime of the upper laser level for Yb:CALGO is 420 ps.
The fractional populations for the upper and lower laser levels were f,,=0.703, f;=0.053, and were
calculated based on the energy levels of Yb:CALYO as this should have closer characteristics with
Yh:CALGO [2.10]. Considering the pump beam quality factor of the laser diode, the average pump
beam spot size was Wap = 195 um [2.11]. Toc is the transmission of the output coupler, and the
emission, absorption spectra and reabsorption 10ss (Jreans) are wavelength-dependent parameters.
As all the parameters of equation 4 is known, we can calculate the intracavity loss from this
equation. The calculated intracavity losses for the corresponding output couplers are shown in
table 2.2. The numbers could include errors as well. It might come from the finite accuracy of the
power meter that was used to measure the power and the uncertainty of the overlap between the
pump spot size and laser spot size due to the thermal lensing effect. Also, the laser mode and the

pump sizes were not measured.

Table 2.2. Calculated intracavity loss for different output couplers based on equation 4.

Toc (%) Oom Oabs 8reabs Py (W) Lin (%)
(10725xm?) | (10~26xm?)
0.8 5.01 1.09 2.72 3.87 3.66
1.6 5.28 1.23 3.07 4.26 3.65
2.4 5.35 1.29 3.22 4.69 3.66
5 5.62 1.56 3.9 5.85 3.26
10 5.87 1.93 4.67 8.2 3.00

2.5 Conclusion

In conclusion, the intracavity loss of a diode-pumped continuous-wave Yb:CALGO laser has
been estimated by using the spectroscopic gain analysis method, which is a dynamic and effective
method to measure the losses above the laser threshold. For this experiment, the loss was 2.3%-

3.3% using the spectroscopic gain analysis method. To compare with the traditional methods,
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losses were also estimated based on the Findlay-Clay analysis method and a numerical model. The
loss using the Findlay-Clay analysis was 3.5 % and 3%- 3.66% for different output couplers based
on numerical method. The traditional models can estimate losses only at the laser threshold.
However, it is important to know about the losses above the laser threshold to enable an efficient
laser operation. The spectroscopic gain analysis method is definitely a good choice to estimate the
losses above the threshold. Although the absorption and emission spectra data we used in this
experiment were recorded at room temperature, for more accurate measurement temperature-
dependent absorption and emission cross-sections should be used. Hopefully, this estimation of

the loss will facilitate high-power laser operation both in CW and mode-locked regimes.
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Chapter 3

Dual-wavelength operation of a diode-pumped continuous-
wave Yb:CALGO laser based on optimized off-surface axis
birefringent filter

In continuous-wave operation, the laser line with the highest gain can reach the lasing threshold
and after amplification, a single wavelength emission can be obtained. Other laser lines with
comparatively weaker gains die out in the competition. But if an equal gain can be maintained for
two different laser lines, then both will oscillate in the cavity and as a result dual-wavelength laser
can be created and explored. In this chapter, the discussion will be focused on the dual-wavelength
laser output from the continuous-wave Yb:CALGO laser by using an optimized off-surface axis

birefringent filter.

3.1 Introduction

Continuous-wave dual-wavelength (DW) lasers with wavelengths separated by a few THz are
popular for their applications in imaging and spectroscopy [3.1], THz generation [3.2,3.2],
astronomy [3.3], optical coherence tomography [3.4], medical and pharmaceutical applications
[3.5,3.6].

Different techniques can be used to equalize the gain of two different spectral lines in a
broadband laser emission spectrum which can then generate two wavelengths simultaneously in
the laser output. For example, DW laser operation was demonstrated using two etalons [3.7].
Another interesting work on DW lasers was done by using two chirped volume Bragg gratings
[3.8]. Apart from these techniques, some other techniques such as moving mirror techniques [3.9],
two adjacent pump spots in a crystal [3.10], polarization-dependent thermal lensing and
reabsorption loss [3.11,3.12] were used to generate DW output. Recently, DW radiation was
generated in a much simpler configuration only by inserting a birefringent filter (BRF) in the laser
cavity [3.13-3.15].
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BRF introduces a periodic loss in the cavity and the free spectral range (the wavelength
separation between the generated wavelengths, FSR) depends on the thickness of the birefringent
plate [3.16]. The on-surface axis BRF is also called the traditional BRF because the optic axis is
located on its surface. With a traditional BRF, the wavelength separation between the generated
wavelengths is fixed, i.e. if one wants to change the wavelength separation at the laser output, then
one need to use a BRF with a different thickness. On the other hand, it was shown previously that
when the optical axis is positioned at an angle to the filter surface, the filtering characteristics are
considerably altered. Those BRFs are known as off-surface axis BRFs or diving axis BRFs [3.16-
3.21].

For DW operation, rare-earth-doped materials (Yb3*, Nd®") are popular because of their large
emission cross-section, the low thermal effect and the ability to produce higher output power for
diode pumping operation. Although Nd-ion doped materials were previously used for multi-color
operation, their limited gain-bandwidth [3.22] restricts multi-color operation only to discrete
wavelength pairs [3.23]. On the other hand, Yb-ion laser crystals are suitable candidates for multi-
color operation because of their broader gain-bandwidths what was presented in chapter 1, and it
was also shown that compared to other Yb-ion lasers, Yb:CALGO has approximately 50 nm
emission bandwidth which is better compared to other Yb-ion lasers and suitable for this dual-

wavelength tuning experiment as well.

In this work, the first goal was to determine an optimum design for an off-surface axis
BRF. After choosing the optimized BRF, the second goal was to minimize wavelength separation
between the generated laser lines. In Ref. 3.3, it was stated that for some astronomical applications,
one needs to have ~1-6 THz sources which corresponds to 4 nm - 22 nm wavelength separation.
As the wavelength separation between the two transmission peaks of a dual-wavelength is
inversely proportional to the thickness of the BRF plate, therefore the experiment was done by
using a 12 mm and 24 mm BREF plate as this will help to get minimum wavelength spacing of
around 5 nm. The results of the experiment using the optimized BRFs will be discussed in the

results section of this chapter.
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3.2 Designing of an off-surface axis BRF

In this part, the simulation results of various filtering properties of a laser resonator that contains
a quartz BRF with an optic axis pointing out of its surface will be discussed. A BRF with a properly
selected optic axis orientation exhibits a wide variation of the parameter values such as free
spectral range, modulation depth and bandwidth [3.17,3.18]. As a consequence, there is no
necessity to use several BRFs of different thicknesses to obtain different sets of multicolor

wavelength pairs [3.17].

Consider figure 3.1where light is incident obliquely on a BRF plate at an angle of @0 where L
is the thickness of the plate, the optic axis lies at an angle of 6 with respect to the surface and a is
the angle between the optic axis of the BRF plate and the plane of incidence (i.e. the rotation angle)
[16].

The loss properties of a BRF vary with wavelength. This is caused by the wavelength-dependent
phase retardation owing to the birefringence of the BRF material and can be written as [3.16]:

@ = sin?y(kSl/ cos ¢) (3.1)
sin?y = cos?0 sin® a + (cos¢ cos@ cosa — sing sin 9) (3.2)

where ¢ is the phase retardation because of the birefringence, wavenumber, k = 2714, § = ne-n is
the difference between the ordinary and extraordinary refractive indices, ¢ is the refraction angle
of the ordinary ray which is approximately 33° for a quartz BRF plate inserted at Brewster’s angle
[3.14, 3.16].

c-axis

Figure 3.1: Birefringent filter showing notations used in the calculations.
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The BRF will create a wavelength-dependent loss because of the change in the polarization of
intracavity laser radiation. In addition to that, the thickness of the BRF plate, its rotation angle («)
and the angle between the plate surface and an optical axis play an important role in loss behavior.
The theoretical background of transmission characteristics [3.16] has been discussed in detail in
the Appendix A. An important property of the BRF is the modulation depth (MD) [3.25].
Modulation depth of the BRF shows the relative loss for the neighbouring wavelengths with
respect to the transmission peak. Modulation depth can be calculated based on the following

equation:
MD = 4 cos’msin’m (3.3)

where cosm = sina sin ¢ /siny. Another important property of the BRF is the free spectral range
(FSR) [3.24] which is the wavelength separation between two transmission peaks. The FSR can
be determined by the following equation:

A%sin ¢

FSR = odsin?f

(3.4)

where f = arccos (cosa cos ¢ cosf + sing sinf).

First, the discussion will be focused on the variation of transmission characteristics with the
change in the position of the optical axis with respect to the filter surface (0) as a function of the
plate rotation angle («). A dual-wavelength operation frequency difference of 4.65 THz (16.7 nm
wavelength separation) was reported for Yb:KGW with a 6 mm-thick regular BRF [3.14]. In the
next section of the thesis, the variation in the transmission properties of the BRF filter for a 6 mm
thick BRF will be discussed for for 6=45° and 6= 0° in a similar manner as in Ref. 3.17.

Figure 3.2 shows the transmission characteristics of a laser cavity that has a 6 mm thick BRF,
the optical axis of which lies at an angle of 45° with respect to the plate surface, as a function of
plate rotation angle from 15° to 115°. Since BRF characteristics for rotation angles from 0° to 180°
are the same as from 180° to 360°, therefore the discussion will be focused on rotation angles only
from 0° to 180°. From figures 2(a) and 2(b), it can be seen that the filtering properties such as
modulation depth, free spectral range and full width at half maximum (FWHM) of transmission

peaks change as the filter was rotated.
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Figure 3.2: Calculated transmission characteristics of a laser cavity with a BRF for its different

rotation angles. A 6 mm thick BRF with the optical axis at 45° with respect to its surface was

used for calculations. (a) Rotation angles from 15° to 35° and (b) from 65° to 115°.

On the other hand, figure 3.3 shows the transmission characteristics of the laser cavity that has

a regular 6 mm thick BRF (i.e. the optical axis lies at an angle of 0° with respect to plate surface)

as a function of its rotation angle from 15° to 115°.
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different rotation angles. (a) Rotation angles from 15° to 35° and (b) from 65° to 115°.
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When compared to figure 3.2, it is clear that the mentioned BRF properties do not change as
much with the rotation angle. From this example, one can clearly see that the flexibility in terms
of parameters offered by the regular, on-surface optic axis, BRF is quite limited when compared
to the BRF which has an optical axis pointing out of the plate surface [3.17].

An alternative way to investigate the transmission characteristics of a BRF is presented in figure
3.4. Figure 3.4(a) shows the transmission characteristics around 1050 nm as a function of BRF
rotation angle whose optical axis lies at an angle of 45° with respect to its surface and figure 3.4(b)
shows the transmission characteristics for the regular BRF. The selected wavelength of 1050 nm
matches the emission of the Yb:CALGO and other Yb-ion doped crystals. Comparing these two
graphs from figure 3.4, it can be concluded that the off-surface BRF with 6=45° has different
transmission maxima which are not evenly distributed and also have different FWHMs. In contrast,
for the conventional BRF, the transmission maxima are evenly spaced and have similar linewidth
[3.17].

12} 0=45° (b) 0=0°
1.00 + 1.00-\ y»
. .90 4

0.754

o
o
(9
o
o
o

o
©
o
o
o

e 9o
® ®
=T
o
@
=]
a

Transmission
Transmission
o
[e<]
(4]

o
~

o
H

0.70 4 v

o
~

=]
2

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
BREF rotation angle (degrees) BREF rotation angle (degrees)
Figure 3.4: Calculated variation of transmission as a function of the BRF plate rotation angle
at 1050 nm for a laser cavity with a 6 mm thick BRF. Optical axis of the BRF lies at an angle
of 45° (a) and 0° (b) with respect to the filter surface.

Based on the above discussion one can see that the off-surface optical axis BRF has more rich
filtering characteristics than the conventional one. Therefore, one needs to find out the position of
the optical axis with respect to the filter surface which will yield the best performance. A BRF
which can produce variable FSR values and high modulation depth (MD) which remains constant

for a large range of rotation angles can be considered as the best one for our purpose. Next, the
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discussion will be focused on the FSR and modulation depth parameters for various & values in

order to determine which position of the optical axis will yield the best result.

First, the effect of the BRF optical axis orientation on its FSR will be presented. The
calculations were performed at 1050 nm for different optical axis positions varying from 0° to 90°
for a 6 mm thick BRF plate. As can be seen, when the optical axis lies on the BRF surface, i.e.

6=0°, the FSR values become quite low and fairly constant.
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Figure 3.5: Variation of free spectral range with plate rotation angle for a 6 mm-thick BRF
plate at 1050 nm with different values of the optical axis off-surface angle values. (a) Off-
surface angles & in the 0° to 90° and (b) in the 55° to 75° ranges.

From figure 3.5(a) it can be seen that the largest FSR variation occurs for 6 around 60°. Also,
the FSR values in the #=45° to 6=75° range are comparatively higher than the others. More detailed
calculations in this range are shown in figure 3.5(b). The highest value of the FSR could be
obtained at #=55°. Also, the optical axis position with #=55° helps us to get the lowest FSR (the
concluding paragraph of Section 3.1 provided an explanation of why we are seeking the smallest
FSR) in the high rotation angle values (>50°). It is also noticeable from figure 3.5(b) that the
highest variation in the FSR values occurs when the plate rotation angle («) values are low. More
specifically, when the values of o are lower than 50°, the FSR varies very rapidly with the change

in the plate rotation angle values.
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Before making the final decision, the impact of the BRF optical axis on the modulation depth
(MD) of the BRF also needs to be considered. The calculated results for the MD for various
positions of the optical axis are shown in figure 3.6. The modulation depth calculated based on
equation 3.3 is a normalized presentation of the MD. MD=1 represents high rejection (nearly
100%) for the adjacent wavelengths of the laser line and MD = 0.1 means 10% rejection. To
suppress the adjacent wavelength of the oscillating laser line, we want to have high modulation
depth for the BRF.
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Figure 3.6: Variation of modulation depth with the plate rotation angle with different values of
the optical axis off-surface angle values. (a) Off-surface angles @ in the 0° to 90° and (b) in the
55° to 75° ranges.

From figure 3.6(a) it is clear that the modulation depth has the highest values over a large range
of rotation angles at the off-surface angle of about #=60°. The change in the MD values is fairly
smooth for this off-surface angle. The variation of MD for other 4 values, however, is quite rapid.
Since in the previous paragraph the discussion was focused on the 6=55° to 75° range for
broadband operation, therefore the variation in the modulation depth values within this range
which are presented in figure 3.6(b). When considering the modulation depth perspective to choose
the optical axis diving angle, one needs to keep in mind that most of our operation will be at higher
rotation angle values as the obtainable FSR is limited by the bandwidth of the laser crystal. For
Yb:CALGO this bandwidth is 50 nm which corresponds to angles higher than 80° (Fig 3.5(b)).
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Considering the same rotation angle range for modulation depth, it can be seen that the 6=55°
covers it with higher MD. Moreover, this higher rotation angle regime gives our targeted
wavelength separation (~5nm) as discussed in the FSR section. Considering these facts (i.e.
obtaining the narrowest wavelength separation with the highest modulation depth), the optical axis
position with #=55° with respect to filter surface is undoubtedly the best choice. This value of the

off-surface optic axis angle will be used in our further analysis.

3.3 Results and discussion for 12 mm off-surface axis BRF

The off-surface axis BRF gives variation in FSR and modulation depth bandwidth when
compared to the conventional one. This eliminates the necessity of using several BRFs with
different thicknesses to get different wavelength separations [3.17,3.18]. Manjooran et al. [3.13]
reported the minimum wavelength separation of 16.7 nm with 6 mm thick conventional BRF.
Since the FSR is inversely proportional to the filter thickness [3.24], to obtain an even lower
wavelength separation than this, a 12 mm thick BRF was used in this part of the experiment. At
an angle of 55° with respect to the filter surface it is possible to obtain fairly low FSR with high
modulation depth at the same time. This scenario is presented in figure 3.7. The emission
bandwidth of Yb:CALGO crystal is approximately 50 nm, that is, our operation will be mainly in
the area of higher BRF rotation angle where modulation depth is strong enough to suppress lasing
for the intended lasing line's neighbouring wavelength and a low FSR can be obtained. Therefore,
in our experiment, a 12 mm thick BRF with an optical axis lying at 55° with respect to the filter

surface was chosen initially.
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Figure 3.7: Comparison of the traditional BRF and our selected off-surface axis BRF with 12 mm
thickness. BW - Bandwidth.

The laser crystal and the pump characteristics were the same as in Chapter 2. The pump beam
was imaged into the laser crystal by using two lenses having focal lengths of 50 mm and 75 mm.
The resultant pump spot diameter inside the crystal was approximately 157 um. For DW operation,
the off-surface axis BRF was placed close to the HR mirror at Brewster’s angle as shown in figure

3.8(a). The spectrum was recorded using a spectrometer (Anritsu MS2687B) with 0.07 nm

resolution.
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Figure 3.8: (a) Schematic of the laser cavity, (b) output power vs incident pump power for 10%
output coupler.
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Different output couplers were used but a 10% output coupler gave the best performance in
terms of output power. The highest output power was 7.47 W for 25 W of incident power. Initially,
the laser was operating in a single wavelength regime. Up to about 8 W of incident pump power,
it produced single wavelength radiation. When the incident power was increased above 8 W, the
laser switched from a single wavelength regime to a DW regime. Power measurement in the DW

regime (figure 3.8 (b)) was done for a DW pair with approximately 10 nm of spacing.
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Figure 3.9: DW output with ~1 nm wavelength spacing increment for the (a) 2 - 21.68 nm and (b)
25.9 - 41.44 nm ranges.

As the BRF was rotated, the wavelength spacing between the generated DW pairs was also
changed. The observed wavelength spacing from 2.16 nm to 41.44 nm with almost 1 nm increment
as shown in figure 3.9. The tuning was so smooth in some wavelength regions that it was possible
to tune the wavelength spacing with 0.1 nm increment as shown in figure 3.10. The linewidths of
the individual oscillating wavelengths were also varying from 0.1 nm to 0.16 nm as the wavelength
spacing (44) varied from 8 nm to 41.44 nm. The spectral power ratio of the two generated
wavelengths was not fixed. It was found that the spectral power ratio was changed from 33% to

45% as the wavelength spacing varied from 8 nm to 41.44 nm.
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Figure 3.10: DW output with ~0.1 nm wavelength spacing increment.

For a 10% output coupler, a decrease in output power was noticed as the spacing between the
generated wavelengths was increased (see figure 3.11(a)). The explanation for this power change
is that for shorter wavelength separation the oscillating wavelengths are located close to the
maximum of the gain curve. As the wavelength separation increases, the wavelengths shift towards
the edges of the gain curve where the gain is lower. As a result, a decrease in output power is
observed. Also, from figure 3.11(b), it can be seen that the wavelength spacing change is quasi-
continuous. There are some ranges where there were no DW pairs, for example, with wavelength
spacing from 35 to 38 nm. These missing pairs, however, can be found by using a different output
coupler (e.g. 5%) as the gain spectrum shape changes with different output couplers as shown in

figure 2.4.
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Figure 3.11: (a) Variation in output power for different wavelength spacing and (b) obtained

wavelength spacing for 5% and 10% output couplers.
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The output beam quality was excellent and is shown in figure 3.12. The measured the beam
quality factors as Myx= 1.04 and My= 1.03.
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Figure 3.12: Output beam quality factor for 10% output coupler. Inset: transverse beam intensity
profile.

From figure 3.7, it can be seen that the maximum possible FSR was limited to ~50 nm by the
gain bandwidth and the minimum possible value was around 10 nm (limited by the BRF thickness).
In addition to that, the possible FWHM values of the transmission peaks for this 12 mm-thick off-
surface axis BRF were in the 0.6-2.5 nm range. At the same time, few DW pairs with wavelength
separation smaller than the minimum FSR values, for example 2.16 nm, 2.28 nm, 2.8 nm, 4.74,
etc. (see figure 3.13) were recorded. It can be seen that, these smaller values DW pairs were
between the DW pairs with larger wavelength separation. For example, a 2.8 nm DW pair was
obtained while switching between 41.23 nm and 41.44 nm DW pairs. Wavelength separation
smaller than the FSR was also observed in some previous experiments [3.13, 3.26-3.27]. The
generation of such a small wavelength spacing that is comparable to the FWHM value of the
transmission peak was supported by another loss mechanism of the BRF named as differential loss
[3.27]. In these cases, the oscillation of the lower gain wavelength (1044 nm) was supported by
the high transmission window of the filter and the oscillation of the 1048.74 nm wavelength was

supported by the high gain of the laser although it is in the high loss window of the filter. Such a
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case is presented in figure 3.13 where the spectrum of the obtained DW radiation is plotted together

with the transmission peak of the filter and the gain spectrum of the Yb:CALGO crystal.
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Figure 3.13: DW pair (with 4.74 nm separation) generated by a differential BRF loss mechanism.

In this section, the wavelength spacing tunability of a DW Yb:CALGO laser by using a single
optimized off-surface axis birefringent filter has been demonstrated. The results are very
encouraging. It was possible to tune the wavelength spacing from 2.16 nm to 41.44 nm with a 1
nm spacing increment offset. In some ranges, the wavelength spacing could be tuned with 0.1 nm
increment. The maximum output power was 7.47 W for 25 W of incident power. The beam quality
factor of the laser was close to 1. DW pairs with wavelength separation smaller than the FSR of
our 12 mm-thick off-surface axis BRF were also observed. This was explained by a new loss
mechanism of the BRF. As this part of the experiment went well, in the next part of the experiment,
a 24 mm off-surface axis BRF was used. The details of the experiment and results would be

discussed in the next section of this chapter.

3.4 Results and discussion for 24 mm off surface axis BRF

The results of the 12 mm thick off-surface BRF plate encouraged us to go for a thicker BRF
plate to bring down the wavelength separation even lower than what was obtained. In the second

phase of this experiment was done with a 24 mm BRF plate which had similar properties as 12
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mm BRF except for the thickness. Since the wavelength separation between the two transmission
peaks is inversely proportional to the filter thickness [3.24], by using the 24 mm BRF we can
expect to obtain a dual-wavelength output with wavelength separation of around 5 nm which is

shown in figure 3.14.
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Figure 3.14: Free spectral range of a 24 mm BRF for optical axis is at 55° with respect to filter
surface (black line), optical axis is on the filter surface (red line), and bandwidth of Yb:CALGO
(blue line), BW - Bandwidth.

For this part of the experiment, the experimental setup, laser crystal and pump characteristics
were same as for the 12 mm BRF experiment. After optimizing the CW laser, the 24 mm BRF was
inserted at Brewster’s angle close to the HR mirror as shown in figure 3.8(a). The maximum power
from the DW laser was 8.04 W at 25 W incident pump power is shown in figure 3.15. The slight
reduction of output power could be due to the very thick BRF which might cause some losses and
maybe a slightly off position from the exact Brewster’s angle position. Initially, the laser was
working in the single wavelength regime. By increasing the incident pump power, it switched to a
DW regime which is similar to what was reported in Ref. 3.13. The output beam was recorded

using a beam profiler and the beam quality was also measured which was M?=1.
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Figure 3.15: Output power for different incident pump power with 10% OC.

To confirm that two wavelengths were simultaneously present in the laser output, a nonlinear
crystal BBO was placed at the laser output to generate the second harmonic frequency components
and sum-frequency components. The wavelengths at 519.5 nm and 525.19 nm are the second
harmonics of 1039 nm and 1050.38 nm (figure 3.16). The sum frequency component at 522.34 nm
indicates that two wavelengths were present at the laser output simultaneously [3.28].
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Figure 3.16: (a) Dual-wavelength output from Yb:CALGO laser and (b) second and sum
frequency components from the BBO crystal.
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To get dual-wavelength with different separation, the BRF plate was rotated, and the dual-
wavelength spectrum was recorded using a spectrometer with 0.07 nm resolution. Using the 24
mm off-surface axis BRF, dual-wavelength pairs with separation from 4.11 nm to 24.9 nm were
obtained. Although, more than 200 dual-wavelength pairs were observed for 360° rotation of the
BRF, since the rotation angles from 0°-180° and 181°- 360° range of the filter are identical and the
spectrometer resolution is limited to only 0.07 nm, it can be said that there were 98 unique dual-
wavelength pairs recorded. The wavelength tuning was smooth and quasi-continuous. The dual-
wavelength output can be tuned with 1 nm spacing almost in the whole range as shown in figure
3.17(a). In some cases, it was possible to tune the wavelength separation with 0.1 nm spacing in a

small wavelength range (5-6 nm) which is shown in fig. 3.17(b).
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Figure 3.17: (a) DW output with 1 nm spacing and (b) DW output with 0.1 nm spacing increments.

The spectral intensity of the output wavelength was adjusted to a 1:1 ratio by slightly adjusting
the BRF plate. The amplitude of the spectral intensity was also sensitive to the pump power. A
change in the pump power may change the 1:1 ratio. However, a 1:1 ratio can be brought back by
a little adjustment of the BRF plate. The fluctuations in the spectral intensity vary with the
wavelength separation of the generated wavelengths. A variation of 42%-50% was found in the
spectral intensity while the wavelength separation changed from 4.11 nm to 24. 9 nm. The

linewidth of the oscillating wavelengths was found to vary from 0.08 nm to 0.13 nm.

The maximum output power was 8.04 W at 25 W incident pump power for a 10% output
coupler. The optical-to-optical efficiency was 32.16% for the maximum incident pump power
(41.85% optical-to-optical efficiency for absorbed pump power under non-lasing condition) and

the slope efficiency with respect to the incident pump power was 36.65% (49.37% slope efficiency
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with respect to the absorbed pump power under non-lasing condition). This scenario is shown in
figure 3.18(a). Also, in figure 3.18(b), all the wavelength separations that were plotted were
obtained by using a 10% output coupler. From the graph, it can be seen that the wavelength
separation tuning is almost continuous from 4.11 nm to 24.9 nm except for a little range (6.6 nm-
8.4 nm). The reason for this small gap could be explained in terms of the gain-bandwidth curve of
the gain medium under which equal gain for two different laser modes was not obtained. As
discussed in the result section 3.3 for the experiment with 12 mm BRF, the missing pairs can be
found by using different output couplers.
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Figure 3.18: (a) Variation in output power with wavelength separation. (b) Obtained wavelength

spacings for 10% output coupler.

In this section, the tunability of a Yb:CALGO laser with a 24 mm optimized off-surface axis
birefringent filter has been demonstrated. It was shown that the dual-wavelength output can be
tuned from 4.11 nm to 24.9 nm almost quasi-continuously with 1 nm spacing for almost the entire
range. In small ranges, it could be tuned with 0.1 nm spacing or even smaller. The step size was
limited by the resolution of our spectrometer which was 0.07 nm in this case. To the best of our
knowledge, this is the smoothest dual-wavelength tuning for any off-surface axis BRF. The
maximum output power was 8.04 W at 25 W incident pump power. Approximately 98 unique DW
pairs were observed at the output of the laser which is the highest number of DW pairs from any

DW laser equipped with an off-surface axis BRF. The previous reports for off-surface axis BRF
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stated 10 and 11 DW pairs for Cr:Nd:GSGG and Cr:LiSAF crystals in Ref.3.15 using a 3 mm
BRF. In Ref. 3.22, 12 DW pairs were reported for Tm:LUAG laser using an optimized 3 mm BRF
which was the highest number of DW pairs coming out from any laser using one BRF with a
particular thickness. Observing 98 DW pairs in this experiment is clearly a record number
compared to the former experiments. Also, 8.04 W of output power with 41.85% optical-to-optical
efficiency (with respect to the absorbed pump power under non-lasing condition) proves that our
laser worked efficiently. It can be compared to the previous DW operation of Yb:CALGO laser
with 27.52% optical to optical efficiency (with respect to the absorbed pump power under non-
lasing condition) with 6 mm thick conventional BRF [3.13]. For off-surface axis experiments,
the highest reported output power was 738 mW with 16.2% optical-to-optical efficiency (with
respect to the absorbed pump power). Using a thick (24 mm) BRF, it was possible to get dual-
wavelength separation of less than 10 nm that can be tuned with 0.5 nm wavelength spacing which
could be ideal for specific astronomical applications [3.1, 3.3]. Based on the above results and
discussion, it can be concluded that off-surface axis BRF could be a great choice for low-cost, high

power tunable dual-wavelength experiments.

3.5 Conclusion

In this chapter, the design procedure of an off-surface axis birefringent filter has been discussed.
It was shown that by using this off-surface axis BRF, tune the dual-wavelength output can be tuned
without the need to use a BRF with a different thickness which was the case for conventional
design. It was also shown that a BRF with optical axis making an angle of 55 degrees with respect
to filter surface can yield the best filtering performance. To get the lowest possible wavelength
separation, a 12 mm and a 24 mm off-surface axis BRFs were used. With the 12 mm BRF, it was
possible to tune the wavelength separation from 2.16 nm to 41.44 nm with approximately 1 nm
step size and the highest output power was 7.47 W at 25 W of incident pump power. Although this
tuning was not smooth for the whole range, in some smaller ranges it was possible to tune the DW
output with a 0.1 nm step size. By using the 24 mm BRF, it was possible to tune the dual-
wavelength pair with wavelength separation from 4.11 nm to 24.9 nm with approximately 1 nm
step size. The highest obtained output power was 8.04 W at 25 W of incident pump power.
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Hopefully, this result will be interesting for some biomedical, communication and astronomical

applications [3.1-3.6].
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Chapter 4

High power conical refraction (CR) output from a
continuous-wave Yhb:CALGO laser and its dual-
wavelength operation

A biaxial crystal cut along its optical axis transforms a Gaussian beam into a pair of bright
concentric rings separated by a dark Poggendorff ring and the output beam has an annular intensity
distribution. In this chapter, the discussion will be focused on the generation of conical refraction
(CR) output from CW Yb:CALGO laser and its wavelength tuning by using a BRF. Finally, the
results of dual-wavelength operation of this laser based on a conventional and off-surface axis
BRFs will be discussed.

4.1 Introduction

A beam with Gaussian intensity distribution travelling along the one of the optical axes of a
biaxial crystal refracts conically and transforms into a bright pair of concentric rings. The bright
rings are separated by a dark Poggendorff ring (figure 1(a)). There is a plane called the Llyod
image plane where the brightest conical refraction (CR) beam with the Poggendorff dark ring can
be observed clearly. Moving away from this plane along the beam propagation direction, one can
observe that the bright CR rings become thicker (figure 1(b)). As one moves further away from
the image plane, the CR rings become a dot which is known as the Raman spot (figure 1(c)).
Another signature characteristic of the CR beam is that the polarization of the two diametrically
opposite points is orthogonal to each other [4.1-4.5]. This polarization property is useful for
polarization multiplexing in optical communication to send and receive information. It can be also
used in polarization metrology where the polarization detection of a light beam is extremely
important to determine various properties such as absorption coefficient, index of refraction etc.
The bright concentric light rings of the CR beam can be used in super-resolution microscopy to

confine fluorescence emission to a small area of the sample under study [4.2].
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Figure 4.1: Schematic of (a) CR beam with two bright concentric rings separated by dark

Poggendorff ring, (a) to (c) is representing the transformation of a CR beam into a Raman spot.

The theoretical knowledge of the CR laser beam formation and its characteristics have been
explained in some previous works and traditionally the laser gain medium was also employed as
the CR laser medium [4.6-4.16]. Using the laser gain medium as the CR element makes it difficult
to understand some phenomena such as the beam transformation from the Gaussian intensity
profile to the CR beam inside the cavity, the transformation of the double ring CR beam into a
“Raman spot” at far-field after the cavity. Recently, a new model has been proposed and showed
some prominent results by keeping the CR element (CRE) separated from the laser gain medium.
Keeping the CRE separate from a laser gain medium makes it easier to use a laser crystal of our
choice as the properties are now not limited by the CRE element which makes the power scaling
incredibly easy. Also, adjustment of the laser crystal and CRE becomes easier as they are
separated. Another main advantage is that the CR properties are not dependent on laser properties.
In Ref. 4.17, the available pump power was 500 mW and it was possible to produce high quality
CR beams with 220 mW of output power. However, due to the lack of the high pump power source
for that experiment, it was not clear what would happen under high pump power. That is the reason
to investigate CR laser operation in the high-power regime. In this chapter, a laser with a CR output
beam will be called as a “CR laser”.

In this experiment, the generation of multi-watt power scalable CR laser based on Yb:CALGO
with a separate intracavity CRE with very good quality of CR beams has been demonstrated. The
output power was 6.25 W at 25 W of incident pump power. In addition, the beam evolution after
the output coupler was also investigated. By using a 1 mm-thick traditional birefringent filter, the
tuning operation of the CR laser was observed. After successful tuning operation, the dual-

wavelength output from this laser by using a 6 mm-thick conventional BRF will be presented.
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Then the dual-wavelength tuning operation of this laser by using a 24 mm-thick optimized

birefringent filter will be discussed.

4.2 Experimental setup

Light from the laser diode was imaged into the crystal by using two lenses of 50 mm and 75
mm focal length. The resulted pump beam radius inside the crystal was about 79 um whereas the
laser mode radius was about 75 pum. The schematic of the laser cavity is shown in figure 4.2. The
cavity design was done by considering the thermal lensing effect and for better mode matching the
cavity mode was kept very close to the pump mode. The maximum pump power absorbed under
non-lasing conditions was 13.22 W at an incident pump power of 25 W. The output power from
the laser was measured by a power meter and the spectrum was monitored by a spectrum analyzer
having a resolution of 0.07 nm (Anritsu MS2687B). The mirror M3 provided a suitable focusing
of the laser mode into the CR element (CRE). A 18 mm long biaxial KGW (KGd(WOQ4)2) crystal
cut along its optical axis was used as an intracavity CRE. The KGW crystal is a typical choice as
a CRE because of its anisotropic optical and physical parameters. It is also a good host for rare-
earth ion based-lasers [4.12-4.16].

HR

L2
DM

Laser L4
diode

M2

Yb:CALGO

AD AD

CRE |
ocC

M3

Figure 4.2: Schematic of the laser cavity. M1 = -300 mm, M2 = -250 mm, M3 = —150 mm. OC:

output coupler, HR: highly reflective mirror. CRE: conerefringent element.
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4.3 Results and discussion

Initially, the performance of the laser was optimized in the CW regime. With a 10% output coupler
(OC), 7.5 W of output power was achieved at 25 W of incident pump power. The next step was to observe
high power CR laser operation. The CRE was put very close to the output coupler (a few mm away from
the surface of the OC). The optical axis of the CRE and the laser mode axis alignment were crucial for
good quality CR beam generation. For a large misalignment between these axes, the observed output power
was very low. After the alignment, an increase in output power was observed. At that point, a double
refraction pattern was also observed at the output of the laser. Further attempts to align the laser mode axis
and the optical axis of the CRE resulted in high output power with a nice quality CR beam. Two bright
concentric rings which were separated by a dark band known as “Poggendorff dark ring” was observed.
The CR laser beam was recorded using a digital camera and for imaging a 60 mm lens was used. This can

be seen in figure 4.1(a) for clarity.

In most of the previous experiments, the parameter po (the ratio of the radius of the CR beam to
the radius of the input beam, detailed description is presented in Appendix B) was highlighted as
an important one to obtain a clear CR beam. The suggested value for this ratio is po>>1 [4.2, 4.10,
4.17]. In this experiment, po was approximately 4 which yielded a nice CR beam which is shown
in figure 4.3. To get higher po, tight focusing of the laser beam into the CRE is helpful. Considering
this fact, for tight focusing, a curved mirror with M3 = -150 mm radius of curvature was used. In
some of the previous experiments [4.12, 4.15], crescent-shaped CR beam was observed. It was
shown that this crescent-shaped CR beam could have happened because of the larger laser mode
size in the CRE and thus lower po value [4.17].

The maximum output power from the CR laser was 6.25 W at 25 W of incident pump power
using a 10% output coupler. In addition to that, some signature characteristics of the CR laser
output was explored as well. The Lloyd image plane was 1-3 mm away from the output coupler in
this experiment where two bright concentric rings separated by a Poggendorff dark ring was clearly
visible as shown in figure 4.3(a). As moved from the image plane, the fine CR rings separated by
the Poggendorff dark rings became thicker. Moving further away from the image plane, the beam
transformed into a spot-like shape known as Raman spot (figure 4.3(g)). Another very interesting

property is the polarization pattern of the CR beam. The polarization state distribution along the
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CR beam was determined by using a polarizing beam splitter. The polarization of the diametrically
opposite points on the beam is orthogonal to each other. The orthogonal polarization pattern of the

diametrically opposite points on the beam is shown in figure 4.3(h).
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Figure 4.3: The CR laser beam at the Lloyd image plane and its free-space evolution along the
beam propagation axis for the horizontal orientation of the Nm-axis of the CRE. Here, z is the
measured distance of the corresponding beam position from the front surface of the OC (a) z=6.7
mm (b) z=17 mm (c) z=26.4 mm (d) z=41.7 mm (e) z=58 mm (f) z = 73.64 mm((g) is z = 300
mm away from OC which is the far-field view of the beam (h) orthogonal polarization states of

the diametrically opposite points on the beam determined by a polarizer.

To compare the performance of the CR laser against an equivalent non-CR laser, the CRE was
replaced by a 20 mm-long AR-coated Ng-cut (non-CR) KGW crystal in the cavity. With 10%
output coupler, the maximum output power obtained with the non-CR KGW crystal was 7.21 W
at 25 W of incident pump power while for CR laser the maximum output power was 6.25 W. The

comparison of the performance evaluation is shown in figure 4.4.
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Figure 4.4: The output powers vs. the incident pump power for the CW laser (with and without non-CR
crystal) and CR laser.

The wavelength tuning performance of the CR laser of the laser was also explored. For tuning
operation, a 1 mm-thick regular birefringent filter was put at Brewster angle close to the HR mirror
in figure 4.2. The alignment with the BRF was very critical as the output power and the wavelength
were very sensitive to the rotation of the BRF. The CR laser showed the tunability from 1018.95
nm to 1054.80 nm. The tuning operation of the CR laser is shown in figure 4.5.
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Figure 4.5: Wavelength tuning of the CR laser using 1 mm thick regular BRF.
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The CR beam evolution inside the cavity was also explored. With an infrared light detector
card, two output beams were observed after the M3 mirror. The recorded beam intensity profiles
are shown in the figure 4.6. In this case beam 1 was approaching the CR crystal after a double
pass-through the laser crystal while beam 2 was propagating towards the laser crystal after a double

pass through the CR crystal. The beam profile after the HR mirror was also recorded.
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Figure 4.6: Observation points of the evolution of the CR laser modes inside the cavity.

Beam 1(figure 4.7(a)) has Gaussian like intensity distribution while beam 2 (figure 4.7(b))
shows more prominent intensity distribution. On the other hand, figures 4.7(c) and 4.7(d) compare
the intensity distribution after the HR mirror with the CR crystal and without the CR crystal in the
cavity and it can be clearly seen that the background for the intensity distribution with the CR
crystal has some complex pattern compared to the one without the CR crystal.
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Figure 4.7: (a) Intensity distribution of the laser mode travelling towards CRE after a double-pass
through the laser crystal and (b) Intensity distribution of the laser mode going towards the laser
crystal after a double-pass through the CRE. (c) Intensity distribution after the HR mirror with the
CR crystal in the cavity and (d) Intensity distribution after the HR mirror without the CR crystal
in the cavity.

With the observation of the of the change in the intensity profile of the beam as discussed above,
the CW part of the experiments was concluded. In conclusion, a high-power conical refraction
(CR) laser was demonstrated based on the Yb:CALGO crystal as a laser gain medium and the
KGW crystal as a separate intracavity CR element . The recorded output power was 6.25 W at
25 W of incident pump power. Keeping the CRE separated from the laser gain medium not only
enabled to get a power scalable system with high output power but also helped to get a high-quality
CR beam with clearly visible Poggendorff dark ring which separates the two bright concentric
rings. The wavelength tuning capability of the CR laser with a 1 mm conventional BRF was
observed and found that it is possible to discreetly tune the CR beam over approximately 40 nm
tuning range. The polarization properties of the CR beam were also analyzed and like in the
previous experiments it was found that the polarization is orthogonal for diametrically opposite
points of the CR beam. This is the first ever demonstration of such a high-quality beam with high

output power. As the gain medium was kept separate from the CRE, this reduces the complexity
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of the set up and enables further power scalability. Observation of the performance of the CR laser
in the high-power regime and the success of its wavelength tuning encouraged to explore the dual-

wavelength performance of such a laser which is presented in the next section of this chapter.

4.4 Dual-wavelength (DW) output from the CR laser and its
tuning operation by using a birefringent filter (BRF)

In chapter 3, it has been discussed that by inserting a birefringent filter, one can equalize the
gain for two different laser lines which will produce dual-wavelength output from the laser. As
shown in figure 4.4, the CR laser showed successful wavelength tuning operation by usinga 1 mm
thick BRF. The next goal was to investigate the dual-wavelength output by using a 6 mm-thick
regular BRF and then to explore the dual-wavelength tuning operation of the laser by using a 24
mm-thick off-surface axis BRF which was designed and discussed in section 3.2. In previous
chapter, it has been discussed that with a regular BRF, the free spectral range (FSR), which is the
wavelength separation between the two transmission peaks, is almost constant for a given
thickness of the BRF, while with an off-surface axis BRF one can get a wide variation in the FSR
[4.18-4.24]. The expected calculated FSR for a conventional 6 mm-thick BRF is 17-25 nm and for
the 24 mm-thick off-surface axis BRF it is 5-50 nm. Here the upper range is limited to 50 nm as
the bandwidth of CALGO is around 50 nm [4.25]. This scenario is shown in figure 4.8 below:

—— 6 mm- Conventional BRF

701 w24 mm- Off-surface axis BRF
604 e BW of Yb:CALGO
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40
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0 ey
0 20 40 60 80 100120140 160 180 200
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Figure 4.8: The calculated free spectral range for a regular 6 mm BRF and a 24 mm off-surface
axis BRF. BW = bandwidth
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4.4.1 DW results with 6 mm thick regular BRF

For the dual-wavelength operation, the 6 mm BRF was put at the Brewster angle close to the
HR mirror as shown in figure 4.2. The output spectrum was recorded by a spectrometer with 0.07
nm resolution. The remainder of the experiment employed this output coupler since it generated
the best results in terms of beam quality and power. With 6 mm BRF the maximum output power
was approximately 6 W for 25 W of incident pump power which is shown in figure 8. As the BRF
was rotated, a few pairs of DW with wavelength separation between 17-25 nm were observed with
excellent beam quality displaying a clear Poggendorff dark ring which is shown as an inset in

figure 4.9.
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=t 24 mm off-surafce axis BRF

Output power (W)
P2

o = N W
1 1 1

5 10 15 20 25
Incident pump power (W)

o

Figure 4.9: Output power comparison of 6 mm and 24 mm BRF cavities with CW regime (without

BRF). The inset is the corresponding CR beam profile recorded for 6 mm BRF.

The dual-wavelength pairs obtained by using the 6 mm BRF are shown in figure 4.10(a) below
with the corresponding CR beams in figure 4.10(b). In all the cases, the CR beams were clear with
distinguishable Poggendorff dark ring which indicates the high beam quality. The CR laser was
very sensitive to the BRF rotation. After rotating the BRF, a little adjustment to the CRE was
needed to maintain the good beam shape. The BRF was also adjusted slightly to maintain the 1:1

ratios of the spectral intensity. The variation of the spectral intensity was found to be about 40%-
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50%. The linewidth of the oscillating wavelengths was found to be in the 0.08 nm - 0.13 nm range
which was limited by the resolution (0.07 nm) of the spectrometer.

(a) (b)
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Figure 4.10: (a) Dual-wavelength pairs with a regular 6 mm BRF and (b) the corresponding CR

beam photos.

As it can be seen from figure 4.8, the expected wavelength separation is 17-25 nm, but in the
experiment, a dual-wavelength pair with 8.82 nm of wavelength separation was observed which is
shown in figure 4.11. This figure also displays the transmission peak of the filter and the gain
spectrum of the Yb:CALGO crystal. Similar pairs were observed before for the 12 mm BRF DW
experiments and explained in section 3.3 via a differential loss mechanism. As the dual-wavelength
experiment was successful with conventional 6 mm BRF, the next goal was to tune this dual-
wavelength output by using an optimized 24 mm off-surface axis BRF which will be discussed in

next section 4.4.2.
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Figure 4.11: Dual-wavelength pair with 8.82 nm generated by the differential loss mechanism.

4.4.2 DW results with 24 mm off-surface axis BRF

The optimized design technique for an off-surface axis BRF was discussed in section 3.3 and
the results of the DW output for a CW laser were presented in section 3.4. The expected
wavelength separation range for this BRF is 5-50 nm which can be seen in figure 4.7 by replacing
the 6 mm BRF in figure 4.2 by the 24 mm BRF. The highest output power was 5.75 W at 25 W of
incident pump power with 10% output coupler. The dual-wavelength output with wavelength
separation changing from 3.76 nm to 19.76 nm was observed. In figure 4.12(a), dual-wavelength
pairs with 1 nm step size from 4.08 nm to 19.76 nm is presented. With the various wavelength
separation, the CR beam intensity profile was recorded as well. It can be seen from figure 4.12(b)
that beams still maintain good shape. The variation of the spectral intensity of the dual-wavelength
output was about 45%-50 % and the linewidth at full width at half maximum (FWHM) was about
0.07 - 0.15 nm.
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Figure 4.12: (a) Dual-wavelength output pair with 24 mm BRF and (b) examples of the recorded

CR beam intensity profiles at different dual-wavelength separation.

The wavelength separation obtained for this 10% output coupler is summarized in figure 4.13
and the corresponding recorded output power is also shown as well. The wavelength separation is
not continuous like the results which were presented in sections 3.3 and 3.4. But one can obtain
the desired wavelength separation by using a different output coupler which was also explained in
section 3.3. Also, similar to the previously described DW experiments, figure 4.13 shows a
characteristic decrease in the output power as the separation between the generated wavelengths

increased.
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Figure 4.13: The decrease in output power with increase in wavelength separation.
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4.5 Conclusion

A high-power CR laser based on Yb:CALGO crystal with KGW crystal as a CRE element has
been demonstrated. Keeping the CRE separated from the gain medium, enabled to get the
exceptional quality CR beams with 6.25 W of output power at 25 W of incident pump power. The
wavelength tuning operation of the CR laser by using a 1 mm BRF was also observed, and it was
shown that the output can be tuned over approximately 40 nm range. The outcomes of the tuning
experiment provided strong motivation to investigate dual-wavelength functioning. For dual-
wavelength operation, a 6 mm regular BRF and a 24 mm off surface axis BRF were used. With
the regular BRF, DW output with 17-25 nm wavelength separation was obtained as per the
calculated FSR for this BRF. On the other hand, using a 24 mm BRF, the tuning of the DW output
with wavelength separation from 3.76 nm to 19.76 nm was recorded. Hopefully, the generation of
the CR laser beams with such a high quality and power with tunable dual-wavelength output is a
landmark in the CR laser field and will boost the various applications [4.2] of the CR lasers. Up to
this point, the laser performance was good, and our next goal was ultrashort pulse operation which
will be presented in chapters 5 and 6.
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Chapter 5

Mode-locked Yb:CALGO laser with high peak power
and sub-100 fs pulses at 27 MHz repetition rate

In this chapter, the mode locking operation of a diode-pumped Yb:CALGO laser will be presented.
Typically, the repetition rate of the mode-locked lasers is around 80 MHz. However, an application
like fluorescence imaging requires oscillators with low repetition rate to avoid signal aliasing
issues. The goal was to develop a low repetition rate mode-locked Yb:CALGO laser by extending
the laser cavity. To extend the laser cavity in this experiment, a 1:1 imaging telescope was used.
Before jumping into the experimental setup and results, the concept of mode locking and some

relevant topics will be discussed in the following sections.

5.1 Introduction to mode locking

Mode locking technique is popular to obtain ultrashort pulses in the picosecond or femtosecond
regime. In a free running laser, the oscillating longitudinal modes have neither fixed mode to mode
amplitude nor phase relationship. The output is a statistical average of all the longitudinal modes

[5.1]. In a Fabry-Perot resonator with two mirrors separated by a distance L, multiple longitudinal

(frequency) modes can exist with frequency separation of 4v = i where cisthe speed of light as

shown in figure 5.1(a) [5.2]. In the mode locking regime, all the longitudinal modes are locked in
phase so that a constructive superposition occurs among them which results in the generation of a
very intense ultrashort pulse inside the cavity. In a mode-locked laser, the duration of the pulse is
inversely proportional to the number of existing longitudinal modes in the cavity i.e. the spectral
bandwidth of the laser radiation. The time-bandwidth product of a bandwidth-limited pulse
indicates how close a pulse duration is to the value set by its spectral bandwidth. For a Gaussian-
shaped pulse, the product of temporal duration 4t (FWHM) and spectral width 4o (FWHM)
is AtAv = 0.44 and for a sech? shaped pulse, this value is AtAv = 0.315.
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Figure 5.1: Mode locking process in (a) frequency domain and (b) time domain [5.2].

Mode locking can be done by the introduction of a loss mechanism synchronous with pulse
round trip time in the cavity. This can be done by the external signal applied to the intracavity loss
modulator (active mode locking) or by using a saturable absorber (passive mode locking). Active
mode locking can be achieved by means of an electro-optic modulator or acousto-optic modulator
which is driven by the external signal to modulate the phase or amplitude of intracavity radiation.
In the frequency domain, a mode with frequency v generates two new sideband modes with
frequencies v+Av and v-Av after modulation. Thus, the energy from the corresponding central
mode distributes among the generated sideband modes. More generated sidebands with
frequencies vtnAv and v-nAv are created with each cavity roundtrip of the radiation which falls
within the bandwidth of the gain medium. The coupling of these sidebands with their neighboring
modes will lock all the modes in phase which causes constructive interference among those modes.
As a result, ultrashort pulse in the picosecond or femtosecond regime is produced. In time-domain
operation, the modulation produces a time-dependent loss as shown in figure 5.1(b). To produce
pulses, there should be a synchronization between loss dips below the gain level and the pulse
round trip time. The energy within this window will be amplified while at other times it will be

suppressed.

One can obtain much shorter pulses with passive mode locking because of fast loss modulation
[5.2-5.4]. Semiconductor saturable absorber mirror (SESAM) and Kerr-lens mode locking (KLM)
have become popular for passive mode locking. These procedures will be discussed individually
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in the following sections and also the combination of these two which is known as KLAS (Kerr-

lens and saturable absorber) mode locking will be discussed as well.

The mode locking operation can be divided into 3 categories, continuous-wave mode locking
(CW-ML), Q-switched mode locking (QS-ML) and multi-pulsing. The QS-ML and multi-pulsing
ML are undesirable and known as mode locking instabilities and the recovery dynamics of SESAM
plays a role behind these mechanisms. The criterion to avoid QS-ML was derived by Honninger

et al. [5.5] which is given below:
EZ% > E sat, laser Esat, sesaMm AR (5.1)

where Ep is the intracavity pulse energy, E sat laser is the saturation energy of the gain medium,
Esatsesam 1s the saturation energy of the SESAM and AR is the modulation depth of the SESAM.
Esatlaser can be defined as:

E sat, laser = Fsat, LAL= (h/mo) AL (5.2)

where Fsat,L is the fluence on the gain medium, Av is the beam area on the gain medium, m is the
number of passes through the gain medium per round trip and o is the emission cross-section.
Based on equation 5.1 & 5.2, the gain medium with larger stimulated emission cross-section makes

it easier to avoid QS-ML as it decreases the gain saturation fluence.

On the other hand, multi-pulsing instabilities can occur due to high fluence on the SESAM
when the laser system cannot differentiate between a single pulse and multiple pulses travelling in
the cavity if both have the same level of fluence. The multi-pulsing instabilities set the upper limit

to the output power of a mode-locked laser system [5.6].

In the next sub-sections, the details mode locking will be discussed including SESAM, KLM

and the combination of both methods.

5.1.1 SESAM mode locking

SESAM is a mirror structure with an integrated saturable absorber. It contains a Brag mirror
which acts as the reflector with a quantum well absorber layer embedded in it as shown in figure

5.2(a). For incident light with low intensity, excitation of electrons from the valence band to the
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conduction band causes absorption. On the other hand, high-intensity light saturates (i.e. fills) the
conduction band and as a result, no absorption occurs. Therefore, when a pulse is incident on a
SESAM, the low-intensity portions of the pulse (wings) are absorbed thus saturating the absorption
of the SESAM for the high intensity central part of the pulse. So, the central part of the pulse is
transmitted without loss. In this way, SESAM can shorten a pulse. It is easier and more convenient
to implement mode locking using SESAM because the design of the cavity is simpler and mode

locking initiation is usually self-starting. Figure 5.2 is a schematic of a typical SESAM structure.
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Figure 5.2: (a) Structure of a SESAM [5.5] and (b) its important properties [5.3].

The most important parameters of SESAM are the wavelength range, modulation depth,
dynamic response, non-saturable losses and saturation fluence which are shown in 5.2(b).
Modulation depth (max introduced loss) can be defined as the maximum nonlinear change in
reflectivity. On the other hand, saturation fluence is defined as the level of incident fluence which
causes saturation in absorption, i.e. it reduces the absorption of the SESAM by 1/e (37%) of its
initial value. The non-saturable loss should be low as it does not contribute to the pulse shaping,
but it increases the device heating effect and the threshold of the laser. For high-power laser
operation, the modulation depth should be strong enough in order to shape the pulse properly. The

incident laser beam spot should be wide as it distributes the generated heat over the large area [5.3,
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5.5, 5.7]. Large modulation depth and fast recovery time are the reasons behind the increase in

non-saturable losses [5.7].

5.1.2 Kerr-lens mode locking (KLM)

Kerr-lens mode locking can be observed due to the third-order non-linearity effect in a Kerr
medium. A Gaussian pulse with high intensity can modulate the refractive index of the medium

through the Kerr effect as shown in the equation below:
n(l) =ny +ny. 1 (r.t) (5.3)

where no is the original refractive index of the medium and n; is the nonlinear refractive index due
to the passing of highly intense beam. The modulated refractive index usually behaves as a positive
lens where the central part of the pulse experiences a strong focusing effect compared to the other

parts of the pulse (i.e. wings).

The initiation of loss modulation can be done by introducing an aperture behind the gain
medium as shown in Figure 5.3. This aperture allows only the central part of the light pulse to be
transmitted and subsequently amplified while the leading and trailing portions of the pulse will be
blocked by the aperture. The aperture could be a real one which is known as a hard aperture Kerr-
lens mode locking. On the other hand, implementation of the artificial aperture can be done by
tightly focusing the pump beam on the small region of the laser crystal to create a small gain
volume. Only the central part of the lasing pulse gets focused & amplified which helps to get an

ultrashort pulse.

(a) (b)

———

Figure 5.3: Kerr lens mode locking: (a) hard aperture and (b) soft aperture [5.8].
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Due to the modulation by the highly intense pulse, the pulse spectrum becomes broader due to
self-phase modulation (SPM), which is crucial for obtaining ultrashort pulses (this also happens
for SESAM). The initiation of Kerr-lens mode locking is tough because high beam intensity is
needed to induce the Kerr effect. Usually, the manually created mechanical vibration on one of the

end cavity mirrors will start the process [5.3, 5.8, 5.9].

In general, Kerr-lens mode locking can generate shorter pulses compared to SESAM mode
locking because of its very fast saturable absorption like property. The design procedure for Kerr-
lens mode locking requires that the resonator operation should be conducted near the cavity
stability limit. The starting of the Kerr lens mode locking requires mechanical perturbation as
mentioned above, but the SESAM mode locking process is self-starting. On the other hand,
SESAM has drawbacks such as the probability of being damaged by a highly intense laser beam

with a small beam size [5.3]. It is also costly.

5.1.3 KLAS mode locking

A method which is known as KLAS mode locking is the combination of Kerr-lens mode locking
and SESAM mode locking. It uses the advantages of both methods such as the stable and self-
starting mode locking offered by SESAM, and KLM which suppresses the Q-switched mode
locking effect and multi-pulsing instabilities at high pump power. In addition to that, both SESAM
and KLM also help by spectral broadening through additional SPM effect which will lower the
pulse duration. Because of this dual action, KLAS is an ideal candidate for sub-100 fs mode

locking operation [5.10].

5.2 Dispersion compensation

In mode locking operation, when a pulse travels through the gain medium and other intracavity
elements, it gets temporarily stretched due to velocity variation for the different spectral
components which is known as group velocity dispersion (GVD). An appropriate amount of
negative dispersion should be introduced into the cavity to overcome this positive dispersion

effect. A pair of prisms cut at Brewster’s angle can be added as an additional cavity element [5.11].
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Another way to introduce the negative dispersion in the cavity is by using a Gires-Tournois
interferometer (GTI) mirror. It is similar to a Fabry-Perot resonator and consists of a front partial
reflective mirror and a highly reflective back mirror (figure 5.4). The spectral components of the
incident pulse will be changed in phase which will yield negative dispersion. The insertion loss is

low for GTI mirrors, and it is less sensitive to the cavity alignment [5.12].

d

—

R=10% R =100%

Figure 5.4: Schematic of a GTI mirror.

5.3 Extended cavity oscillators

The peak power of the oscillating pulse in a mode locked oscillator can be defined as:

o |

_Pavg
=2 (5.4)

P, peak —

where E is the pulse energy, t is the pulse duration, Pay is the average output power and f is the
repetition rate. To increase the peak power, one should increase the average output power or
decrease the pulse duration and the repetition rate. Although Ti:sapphire laser has provided
megawatt peak power with sub-10 fs pulses [5.13], this is difficult for the Yb-ion lasers because
of their comparatively narrow emission bandwidth. Also the broadband gain medium such as
Yb:Glass has a low thermal conductivity which limits the average output power. Fortunately the
situation has been changed with the development of Yb:CALGO laser crystal with broadband

emission bandwidth and high thermal conductivity. Another method to increase pulse energy is by
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reducing the pulse repetition rate. The repetition rate is inversely proportional to the cavity length
as shown in equation 5.5. So, by increasing the cavity length, one can easily reduce the repetition

rate.

= (5.5)

where in equation 5.5, f is the repetition rate, c is the speed of light and L is the length of the cavity.
It is clear from equations 5.4 and 5.5 that extending the laser cavity will increase the peak power.

A convenient way to extend the laser cavity is to use a reflective 1:1 imaging telescope.

Figure 5.5: 1:1 imaging telescope to extend the laser cavity without changing the g-parameter.

A 1:1 imaging telescope (figure 5.5) can be inserted at any point of the cavity without changing
the cavity g-parameter (Appendix C) which contains the information of a Gaussian beam radius
and radius of curvature of wavefront. Usually, it consists of two concave mirrors of the same radius
of curvature r. These two mirrors are placed at a distance of r from each other, and it will add a 4r

to the total cavity length in a single round-trip.

5.4 Motivation behind this experiment

Femtosecond laser system has become an essential tool for applications in the field of nonlinear
microscopy and spectroscopy [5.14-5.17], optical coherence tomography [5.18, 5.19], optical
communication [5.20], surgical applications [5.21] etc. Because of these useful applications,
researchers have put a lot of effort into developing oscillators in sub-100 fs regime with megawatt

peak power. Application such as fluorescence imaging would need this type of source to avoid the
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signal aliasing problem. The popular traditional way to get the high peak power sub-100 fs pulses
by using a 1:1 imaging telescope configuration which was already discussed in section 5.3. The
implementation of this method was successful for Yb:CALGO [5.22-5.24] Yb:KGW [5.29-5.30],
Yb:Glass [5.31], Yb:KYW [5.32, 5.33], Yb:YAG [5.34] in previous experiments. The detailed
results would be discussed in section 5.7. Getting sub-100 fs pulses with high peak power is
difficult in the low repetition rate regime (<40 MHz) because it needs excellent mode locking
performance of the laser and a careful choice of the appropriate laser crystal. It was discussed in
chapter 1 that Yb:CALGO is a good choice for high power ultrashort pulse experiments because
of its high emission bandwidth and thermal conductivity[5.22-5.28]. So, the next step was to get a
stable mode locking performance from the laser in the extended cavity operation with a 1:1
imaging telescope. The sub-100 fs pulses with lower repetition rate and high peak power would
be a good choice for the above-mentioned applications.

5.5 Experimental setup

The laser oscillator used the same laser crystal that was mentioned in the previous chapters and
the pump source was also same. The unpolarized pump beam was focused into the laser crystal
by using two lenses of 50 mm and 75 mm focal length and the resultant spot size was 157.5 um.
The laser crystal was positioned between two folding mirrors M1 and M2 with a radius of curvature
of -250 mm. The laser mode inside the crystal was approximately 142 um in diameter which was
estimated by using ABCD matrix analysis. Approximately 56% of the pump power was absorbed
in the laser crystal under non-lasing condition. The laser cavity was extended by using a 1:1
imaging telescope which was formed by using two concave mirrors of -2000 mm radius of
curvature (figure 5.6). The resultant cavity length was 5573 mm which corresponded to a 26.9
MHz repetition rate. The laser introduces positive dispersion from the laser crystal (95 fs2/mm)
[5.35] and the intracavity optical components. Also, the self-phase modulation introduces pulse
chirping. To compensate for the positive dispersion effects, two Gires-Tournois interferometer
(GTI) mirrors were used, and the total round-trip dispersion was -3200 fs? per round trip by using
two bounces on a -250 fs? and -550 fs> GTI mirrors (Layertech GmbH). The rest of the cavity
mirrors were chosen to have the lowest possible (closer to zero at 1040 nm) group delay dispersion
(GDD) in the cavity (Laseroptik GmbH). As a mode locking element, a semiconductor saturable
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absorber mirror (SESAM) designed for 1040 nm and with 1.2 % of modulation depth was used as
an end mirror of the cavity. To avoid damage of the SESAM, the beam spot size on the SESAM
was kept at 379 um in radius. 5%, 10%, 15% and 20% output couplers were used in this

experiment.

SESAM L i 1:1 imaging ! M2
! telescope

LD y
(Pump = <
source) N

M1

Yb:CALGO

=
o

Figure 5.6: The schematic of the mode-locked Yb:CALGO laser. AD: achromatic doublet, DM:

dichroic mirror, GTI: Gires-Tournois interferometer mirror, M1, M2: concave mirrors, OC: output

coupler.

5.6 Results and discussion

Initially, the laser performance was monitored in the continuous-wave (CW) regime using a
10% output coupler (OC). A highly reflecting mirror (HR) was used instead of the SESAM as an
end mirror. With the 10% output coupler, approximately 7.5 W of average output power was
obtained at 25 W of incident pump power. The corresponding absorbed pump power was
approximately 14 W. After optimizing the laser in the CW regime, we introduced the SESAM in
the cavity by replacing the HR mirror. Although with SESAM, it was expected that mode locking
would be self-starting, in our case to start the mode locking we needed to apply a mechanical
perturbation to the curved mirror M1 or the output coupler which were put on the translation stages.
After mechanical perturbation as mentioned above, it was noticed that the spectrum became wider

while the output power was reduced.
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The ultrashort pulses were measured by using an intensity autocorrelator (Femtochrome FR-
103 XL) with resolution <5 fs. To detect multi-pulsing and make sure the laser is operating in the
single pulse regime, the autocorrelator was scanned over the range of 200 ps. The pulses that could
be separated by more than 200 ps were monitored by using a combination of an oscilloscope and
fast photodiode. The spectra were recorded by Anritsu spectrometer (MS9710B) with 0.07 nm

resolution.

With 10% output coupler, the shortest pulses obtained pulses were 90 fs long with 350 mW of
output power at approximately 8 W of incident pump power and the recorded spectrum bandwidth
(FWHM) was 12.7 nm. This was obtained for -3200 fs? round trip dispersion which was achieved
by using two GTI mirrors of -250 fs? and -550 fs? each and having two bounces on each GTI
mirrors. The calculated time-bandwidth product was 0.32 i.e. the pulses were transform limited.
The corresponding pulse energy and peak power were 13 nJ and 145 kW. To investigate the best
possible results from the laser, 5%, 15% and 20% OCs were used. The highest average output
power was 1.3 W which was obtained with a 20% output coupler at 17 W of incident pump power
and the corresponding pulse duration was 81 fs (figure 5.7(a)) while the round-trip dispersion was
-3200 fs?.The spectrum was centered at 1038 nm and had an FWHM bandwidth of 14.14 nm
(figure 5.7(b)). The calculated time-bandwidth product was 0.32 which indicated that the obtained
pulses were transform-limited. The pulse energy and the peak power were 48 nJ and 596 kW,
respectively. The shortest pulse duration obtained for 5% and 15% output couplers were 85 fs and
91 fs at the total round-trip dispersion of -3200 fs2. The corresponding spectrum bandwidths at
FWHM were 13.32 nm and 12.5 nm respectively.
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Figure 5.7: (a) Intensity autocorrelation of the 81 fs pulses and (b) the corresponding spectrum
with 14.14 nm bandwidth at FWHM.

The radio frequency spectrum of the pulse train was also recorded and a high signal-to-noise

ratio in figure 5.8(a) indicates that we had a clean mode locking without any Q-switching

instabilities. The output beam quality factor M2 was approximately 1 which is shown in figure

5.8(b).
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Figure 5.8. RF spectrum of the 81 fs pulse train recorded with a 1 kHz resolution bandwidth and

the beam quality measurement.
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Getting a stable mode locking with high average output power was difficult for us due to the
multi-pulsing effect (discussed in section 5.1). To avoid multi-pulsing, maximum 17 W of incident
pump power was used. The pulse duration and average output power were recorded at different
dispersion levels. In search of the highest output power, two GTI mirrors of dispersion value -550
fs? each were used, which gave a total round-trip dispersion of -4400 fs?. In this case, the output
power was 1.55 W at the same incident pump power level at the expense of longer pulse duration
(124 fs). The mode locking performance was monitored by using 5%, 10% and 15% output
couplers as well. The pulse duration obtained for these output couplers with the total round-trip
dispersion of -4400 fs? were 115 fs, 118 fs and 119 fs, respectively. The spectrum bandwidths at
FWHM were 10 nm, 9.8 nm and 9.75 nm, respectively. The corresponding output powers were
285 mW at 7.6 W of incident pump power, 600 mW at 9.3 W of incident pump power and 1.09 W
at 13 W of incident pump power, respectively.

5.7 Comparison with previous results

The summary from the previous extended-cavity Yb-ion lasers is presented in figure 5.9. The
repetition rates were usually from 10 MHz to 40 MHz. From figure 5.9(a), it can be seen that there

are very few experiments where the laser delivered sub-100 fs pulses.
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Figure 5.9. Comparison of previous results with this work in terms of the (a) pulse duration and

(b) peak power in the 10-40 MHz repetition rate range.
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From Yb:CALGO crystal 145 fs pulses were obtained at 27 MHz of repetition rate directly from
the laser, while after external compression 93 fs pulses were measured [5.22]. In the same work,
170 fs pulses were generated at 15 MHz repetition rate. In Ref. 5.23, 300 fs pulses were reported
at 23 MHz repetition rate with 28 W of average output power from thin-disk Yb:CALGO
oscillator. The same authors also reported on 135 fs pulses with 1.3 W of output power at the same
repetition rate. In Ref. 5.24, 323 fs pulses were obtained at 23.7 MHz repetition rate. A very
impressive result was presented by Manjooran et al. in Ref. 5.25 where 66 fs pulses at 10.2 MHz
repetition rate based on KLM were reported. Apart from Yb:CALGO, there were some other
experiments for Yb:KGW, Yb:KYW, Yb:Glass, Yb:YAG etc. Zhao et al. in Ref. 5.29 reported 78
fs pulses directly from the Yb:KGW laser output without any external compression at 36 MHz
repetition rate and 85 fs pulses at 18 MHz repetition rate. In other experiments, 200 fs pulses were
reported for Yb:KGW at 14.6 MHz repetition rate [5.30], 150 fs pulses were reported at 20 MHz
repetition rate for Yb:Glass [5.31], 240 fs & 430 fs pulses were reported for Yb:KYW at 25 MHz
& 10 MHz repetition rate [5.32, 5.33], and 200 fs pulses were reported at 40 MHz repetition rate
for Yb:YAG think-disk oscillator [5.34]. Compared to the above results, 81 fs pulses at a 26.9
MHz repetition rate were recorded directly from the laser without any external compression. It is
considered that a dual action of SESAM and KLM was present in the cavity which helped us to
get these shorter pulses. No mode locking based on pure KLM was observed. Out of 6 listed results
in section 5.6, the best one was with 81 fs pulses in terms of the pulse duration, so this one is
compared with the previously published results in figure 5.9.

Another comparison with the previous works can be made with the peak power which is shown
in figure 5.9(b). Considering the sub-100 fs regime for Yb:CALGO lasers, approximately 970 kW
of peak power was reported in Ref. 5.25 and 165-183 kW in Ref. 5.22. Haitao et al. reported 650
kW of peak power for Yb:KGW at 36 MHz repetition rate while for the 18 MHz cavity, the peak
power was as high as 1 MW [5.29]. Compared to these results, 596 kW of peak power at a 26.9
MHz repetition rate was obtained in this experiment which is fairly good.
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5.8 Conclusion

In conclusion, the generation of sub-100 fs pulses with high peak power from the extended
cavity mode-locked Yb:CALGO oscillator has been demonstrated. 81 fs pulses with 1.3 W of
output power at 17 W of incident pump power were recorded. The laser output beam quality was
approximately 1 while the high signal-to-noise ratio of the RF spectrum ensured that the mode
locking was free from Q-switched mode locking instabilities. The mode locking was obtained
based on a semiconductor saturable absorber mirror with 1.2% modulation depth. The initiation of
mode locking was not self-starting. One of the end cavity mirrors needed to be tapped. A weak
Kerr-lensing effect could be present in the cavity, and it may have assisted in generating these
shorter pulses. However, no signs of pure Kerr-lens mode locking were seen by replacing the
SESAM with an HR mirror. Overall, the performance was good, and the laser was stable

throughout the measurement period.

The next goal was to reduce the repetition rate below 26.9 MHz. To do that, one needs to add
another 1:1 imaging telescope or one can do that by incorporating a mirror with a longer radius of
curvature. In these cases, the alignment process would be complicated and require more space. In
the next chapter, a simple and compact design method to lower the repetition rate by using an

intracavity White cell will be discussed.
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Chapter 6

Sub-100 fs mode-locked Yb:CALGO laser extended

with a White cell configuration

In section 5.3 it has been discussed that the peak power of the oscillating pulse in a mode-locked

oscillator can be defined as:

E _ Payg

Ppeak = P o f (6.1)

where E is the pulse energy, 7 is the pulse duration, Pay is the average output power and f is the
repetition rate. To increase the peak power, one can reduce the pulse repetition rate by extending
the laser cavity. In chapter 5, the laser cavity was extended by using a 1:1 imaging telescope to
lower the pulse repetition rate to 27 MHz. To reduce it even further one might need to add another
1:1 imaging telescope or one needs to use concave mirrors with a long radius of curvature.
Unfortunately, this will make the laser alignment complicated, time-consuming and sensitive. An
alternate approach is to use a White cell which will be discussed in this chapter. The White cell
consists of 3 concave mirrors, and one can easily control the number of bounces inside the White
cell which in turn reduces the repetition rate further. It takes less space and alignment is
comparatively simple. In this chapter, the discussion will be focused on extending the laser cavity

by using the White cell configuration.

6.1 Introduction

The femtosecond lasers with lower repetition rate (i.e. < 40 MHz) is useful for nonlinear
microscopy [6.1, 6.2], optical coherence tomography [6.3-6.5], optical communication [6.6, 6.7]
etc. To get laser oscillators with lower repetition rate, one need to increase the cavity length without
changing the Gaussian beam g-parameter. There are different techniques to do that such as Herriott
type multi-pass cell [6.8], 1:1 imaging telescope [6.9-6.11], or White cell [6.12-6.20]. Considering
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the design, cost, and easiness of the operation, 1:1 imaging telescope was chosen for the previous
experiments in chapter 5 where the repetition rate was 26.9 MHz. However, to lower the repetition
rate even further, one need to use more optical components which makes the alignment difficult.
An alternative approach is to use a White cell which consists of 3 concave mirrors. It can be
inserted at any point in the cavity and the cavity length can be adjusted by simply adjusting the
two turning mirrors of the cell. In this section, a White cell configuration was used to extend the
laser cavity. The White cell is a simple, compact and cost-effective method to lower the repetition
rate of the laser oscillators. Using 3, 5 and 7 bounces on the White cell, the corresponding repetition
rate was 13.85 MHz, 10.15 MHz and 8.2 MHz. Pulses as short as 68 fs were recorded. For mode
locking, a SESAM was used. There is a possibility that the mode locking was also accompanied
by the Kerr-lensing effect which resulted in these shorter pulses. For dispersion compensation, we
used chirped mirrors in the cavity. Hopefully, this low repetition rate oscillator with sub-100fs
pulses and high peak power will be a great source for applications such as fluorescence imaging

and nonlinear microscopy.

6.2 White cell configuration

A 1:1 imaging telescope has been a good candidate for laser cavity extension because of its
simple configuration which needs fewer optics and lowers cost. However, to bring the repetition
rate down to around 10 MHz, one might need to use two 1:1 imaging telescopes which is quite

complicated to implement in the lab because of the complex alignment procedure [6.21].

The multi-pass cell, on the other hand, could be a good solution to this issue. In this experiment,
a multi-pass cell, which is also known as a White cell [6.12] was used. The White cell consists of
three spherical concave mirrors of the equal radius of curvature as shown in figure 6.1 (a). The left
bigger mirror is known as the field mirror and the right two smaller mirrors are known as the
turning mirrors. The turning mirrors are placed symmetrically about the central axis of the field
mirror and should be put as close as possible to each other to have the highest number of bounces
of the optical beam on the field mirror. The photo of the field mirror and the turning mirrors used
in this experiment is shown in figure 6.1 (b). The detailed operation of the White cell was explained
in earlier work [6.18].
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(a) (b)

Exit point

Field mirror

Turning mirror # 1

den—ex ds o G

Turning mirror # 2

Entrance point

Figure 6.1: (a) The White cell configuration with three concave mirrors with the equal radii of
curvature, (b) photo of the field mirror and turning mirrors used in this experiment.

The total number of bounces (N) on the field mirror can be expressed as:

N = Gemsex g (6.2)

dsp

where den-ex = Spacing between the entrance and exit beams, dsp = distance between C1 & C>which
is also equal to the distance between the entrance beam and its nearest spot on the field mirror or

the exit beam and its nearest spot on the field mirror, Cs = center of curvature of the field mirror.

en—ex

Since the ratio dd— is constrained to be an integer, simultaneous adjustment of the turning
sp

mirrors causes the change of the number of spots on the field mirror as odd integer (1,3,5....... ).
As the number of bounces on the field mirror increases by two, the optical beam makes 4 extra
passes inside the White cell. So, the total optical path length changes as a step of 4R, where R is
the radius of curvature of the mirrors. So, the total optical path Lwc in the White cell can be
expressed as:

Lyc = 2NR (6.3)

6.3 Experimental setup

The experiment was carried out with a similar laser crystal and same laser diode as the previous
experiments. The laser mode radius size inside the crystal was approximately 70 um which was

estimated based on the ABCD analysis. The laser cavity schematic is shown in figure 6.2. By using
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the White cell configuration, the complex alignment process of multiple telescopes was eliminated.
Moreover, it gave the flexibility to vary the repetition rate at 13.85 MHz with 3 bounces on the
field mirror (figure 6.3 (a)), 10.15 MHz with 5 bounces on the field mirror (figure 6.3 (b)), and 8.2
MHz with 7 bounces on the field mirror (figure 6.3 (c)) by simply adjusting the turning mirrors. A
field mirror (Laseroptik GmbH) with a -1000 mm radius of curvature and 50 mm in diameter was
used. The turning mirrors also had -1000 mm radius of curvature. An explanation of the White cell
alignment process is provided in Appendix D. Two Gires-Tournois interferometer (GTI) mirrors
(Layertec GmbH) with different negative group delay dispersions (GDD) were used to provide a
round-trip dispersion of -3200 fs?. The choice of SESAM is crucial in the low repetition rate and
high intracavity energy & peak power. The initial fluctuations of the intracavity power will reach

to a stable mode locking if and only if [6.15]:
AR > TiTc (6.4)

where, Ty is the round-trip time and T is the effective correlation time, and AR is the modulation
depth of the SESAM [6.22], so a SESAM with a large modulation depth (typically 3-6%) is crucial
for mode locking in low repetition rate regime where Ty is high. Based on the above discussion, a
SESAM with 6% modulation depth (BATOP GmbH) was used in the experiment to initiate the
mode locking.

SESAM
(6% modulation

DM

Laser

diode «1::/ M1

Yb:CALGO

AD AD

GTI

GTl mirror

mirror

Figure 6.2: Schematic of the low repetition rate cavity with a White cell used for the mode locked
operation of Yb:CALGO laser using a SESAM. AD: achromatic doublet, DM: dichroic mirror,

GTI: Gires-Tournois interferometer, M1, M2: concave mirrors, OC: output coupler.
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(b)

Figure 6.3: Adjusting the turning mirrors changes the number of bounces on the field mirror (a) 3
bounces on the field mirror correspond to 13.85 MHz repetition rate, (b) 5 bounces on the field
mirror correspond to 10.15 MHz repetition rate, (a) 7 bounces on the field mirror correspond to

8.2 MHz repetition rate.

6.4 Results and discussion

Initially, the laser performance was monitored in the continuous-wave (CW) regime while a
highly reflecting mirror (HR) was used an end mirror. On the other end, different output couplers
(OC) were used. By using a 10% output coupler, 7.5 W of output power was recorded at 25 W of
incident pump power. The corresponding absorbed pump power was 14 W. After optimizing the
laser in the CW regime, the HR mirror was replaced by a SESAM. Although with SESAM, it was
expected that mode locking would be self-starting, but in that case, to start the mode locking, a
mechanical perturbation was needed on the curved mirror M1 or the output coupler which were
put on the translation stages. After mechanical perturbation it was noticed that the spectrum
became wider while the output power slightly reduced. For simplicity, initial work was with 3
bounces in the White cell (figure 6.3 (c)). The initial length of the cavity was approximately 1.58
m but with three bounces the total cavity length was increased by 6 m (based on the equation 6.3)
which corresponded to 13.85 MHz. In section 6.4.1, the results for 13.85 MHz cavity will be

discussed.
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6.4.1 13.85 MHz cavity

The mode locking performance of the laser was explored by using 2.5%, 5%, 10%, and 15%
output couplers. The GTI mirrors were arranged in such a way that the introduced round-trip
dispersion was -2000 fs2. The pulse train was monitored using a fast photodiode (Thorlabs
DETO8CFC) and oscilloscope (Tektronix 2465A, 350 MHz) to see if there is any modulation in
the pulse train. As it can be seen from the figure 6.4, that the pulse train is free from any distortion

which indicates that the mode locking was stable.

(a) (b)

Figure 6.4: Monitoring the mode-locked pulse train with combination of a fast photodiode and
oscilloscope at (a) 200 ps/div and (b) 500 ps/div time scales.

Besides monitoring the pulse train, it is also important to see the radio frequency (RF) spectrum
of the pulse which was used for the previous experiment (section 5.6). The goal is to compare the
signal strength with respect to the noise. It detects if there is any unwanted signal present in the
cavity. Basically, the goal to use this spectrum analyzer was to detect if multi-pulsing is present in
the cavity. The RF spectrum of the pulse train was also monitored using the DSA 800 spectrum
analyzer from Rigol technologies to check on Q-switching or multi-pulsing events. The signal was
recorded with a 1 MHz span and a 1 kHz resolution bandwidth. In addition to that, the signal was
also monitored up to 100 MHz with 3 kHz resolution bandwidth. This is shown in figure 6.5. The

high signal-to-noise ratio indicates that there was no unwanted oscillation present in the cavity.
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Figure 6.5: Radio frequency spectrum of the pulse train with (a) 1 MHz frequency span and 1 kHz
resolution bandwidth (b) 100 MHz frequency span and 3 kHz resolution bandwidth.

A commercial long-range (200 ps) autocorrelator (Femtochrome, FR-103 XL) was used to
record the trace of the pulses. To ensure the laser is not working in the multipulse regime, the
entire scanning range (200 ps) of the autocorrelator was used. The output spectrum was measured
by a high-resolution spectrometer (Anritsu OSA MS9710B) with 0.07 nm resolution. Assuming
the sech? temporal shape, the shortest pulse in this experiment was 68 fs which was obtained with
a 2.5 % output coupler. The corresponding spectrum was 19.81 nm wide (FWHM) which indicated
a time-bandwidth product of 0.38. The average output power was 110 mW at 15 W of incident
pump power. The pulse energy in this case was approximately 7.94 nJ and the peak power was-~116
kW. The measured spectrum and the autocorrelation trace of the pulses are shown below:

(a) (b)
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Figure 6.6: (a) The intensity autocorrelation trace of the 68 fs pulses for 2.5% output coupler from
13.85 MHz oscillator and (b) the corresponding optical spectrum.
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To get the highest average output power in the sub-100 fs regime, a 15% output coupler was
used. With -2000 fs? dispersion, we got 73 fs long pulses with 19.57 nm spectrum at FWHM. The

corresponding pulse energy was 54.15 nJ and the corresponding peak power was 744 kW. The

pulse trace from the autocorrelator and the corresponding spectrum are shown below.

(a)

1.0 = Autocorrelation trace
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Figure 6.7: The (a) autocorrelation trace of the 73 fs pulses for 15% output coupler from 13.85

MHz oscillator and (b) the corresponding optical spectrum.

During the experiment, it was also noticed that if the dispersion value was changed to -4400 fs?

it was possible to get a bit higher output power at the expense of the longer pulse duration.

However, it is worth mentioning that one can still get pulses in the sub-100 fs regime. The

summary of the experiments with -2000 fs2and -4400 fs? of dispersion for different output couplers

is listed in table 6.1. The overall performance of the laser was excellent, and the mode-locked

operation was stable. Some KLM effect might present in the cavity, however, by removing the

SESAM, no pure KLM was observed. As the initial part of the experiments went well, therefore

the next step was to increase the path length to reduce the repetition rate below 13.85 MHz. The

details will be discussed in the next sections.
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Table 6.1: Summary of 13.85 MHz experiments using the White cell (in the table, Pinc = input
power, Pout = output power, Ep = pulse energy, = = pulse duration, 41 = optical spectrum width at
FWHM, TBP = time-bandwidth product)

Rep. Output
P Dispersion utpu Ppeak T (fs) AA
rate (fs2) coupler | Pinc(W) | Pout(W) | Ep (nJ) (kW) (nm) TBP
(MHz) (%)
2.5 15 0.110 7.94 116 68 19.81 0.38
5 16.5 0.29 21 299 70 20.02 0.40
-2000
10 18 0.43 31 423 72 17 0.35
15 21 0.75 54.15 744 73 19.57 0.40
13.85
2.5 18 0.2 14.44 147 98 12.5 0.35
5 18 0.5 36.1 363 100 11.5 0.32
-4400
10 21 1.25 90.25 876 103 11.08 0.32
15 24 1.45 104.7 1067 98 11.59 0.32

6.4.2 10.15 MHz cavity

As the laser performed efficiently with three bounces (13.85 MHz) in the White cell, the next
step was to go for a lower repetition rate operation by increasing the number of bounces on the
field mirror. As described earlier, simultaneous adjustment of the two turning mirrors changes the
number of bounces on the field mirror by an odd integer, i.e., it increases the path length for the
beam. After adjusting the two turning mirrors, five bounces on the field mirror were spotted (figure
6.3 (b)). The total path length of the beam inside the White cell therefore was 10 m. The
corresponding repetition rate became 10.15 MHz. To compensate for the positive dispersion, two
GTI mirrors each having a GDD of -250 fs? and 550 fs? per bounce were placed in the cavity which
provided a total of -3200 fs? of roundtrip GDD. All other cavity optics were selected in such a way
that we got the lowest possible dispersion at the lasing wavelength. The shortest pulse observed
was 83 fs and it was obtained with a 2.5% output coupler. The pulse intensity autocorrelation and

the corresponding spectrum are shown below:
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Figure 6.8: (a) The autocorrelator trace of the 83 fs pulses for 2.5% output coupler from 10.15
MHz oscillator (b) the corresponding 15.01 nm optical spectrum.

To determine if there is any modulation present in the mode locking, the pulse train was
recorded using the same oscilloscope used with the 13.85 MHz oscillator. From figure 6.9 (a), it
can be seen the flat top of the pulse train which shows that the mode locking was free from any
modulation. In addition to that, the RF spectrum of the pulse was also recorded with a 1 nm span
and 1 kHz resolution bandwidth and the high signal-to-noise ratio indicates that the signal was free
from Q-switching (figure 6.9 (b)). The pulses in the autocorrelator were monitored in the 200 ps
range to ensure that it was not operating in the multi-pulsing regime. To get high pulse energy, we
used a 15% output coupler. Using it with -3200 fs? of roundtrip GDD, 94 fs pulses with 13.95 nm
wide spectrum were recorded. The corresponding time-bandwidth product was 0.37 which
indicates that the pulses were almost transformed limited. The corresponding pulse energy was 69
nJ and the peak power was 734 KW. The pulses were also recorded with -4400 fs2 roundtrip GDD
and pulses were still in the sub-100 fs regime with a bit higher output power. The results are
summarized in table 6.2.
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Figure 6.9: (a) The pulse train with a flat top indicates the mode -locking without any modulation,
(b) the high signal to noise ratio of the RF spectrum indicates the signal did not have any Q-

switched mode locking effect.

Table 6.2: Summary of the 10.15 MHz experiment (in the table, Pinc = input power, Pou= output
power, Ep = pulse energy, 7= pulse duration, 44= optical spectrum width at FWHM, TBP = time-
bandwidth product)

Rep. . . Output t (fs)
Dispersion P AA
rate ?fsz) coupler | Pin(W) | Poulw) | Ep(nJ) (Kp\e’:'lk) (nm) TBP
(MHz) (%)
2.5 17.7 0.1 9.85 118.67 83 15.01 0.35
-3200
15 25 0.7 69 734 94 13.95 0.37
10.15
2.5 22.5 0.1 9.85 101.54 97 12.66 0.35
-4400
15 25 0.95 93.59 936 100 11.73 0.33

6.4.3 8.2 MHz cavity

Further reduction of the cavity repetition rate was done by adjusting the two turning mirrors
again to obtain 7 bounces on the field mirror (figure 6.3 (c)). The White cell length was increased
by 4 m which resulted in the repetition rate of 8.2 MHz. To the best of our knowledge, this is the
lowest repetition rate for any mode-locked Yb:CALGO laser. Initially, the roundtrip intracavity
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group velocity dispersion of -3200 fs? was used. To ensure the mode locking did not contain any
modulation and the signal was free from excessive noise, the pulse train of the mode-locked laser

and the RF spectrum were recorded in similar ways to what was done before (figure 6.10).
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Figure 6.10: (a) The optical pulse train obtained recorded with a fast diode and oscilloscope to

determine if it contains any modulation, (b) the RF spectrum of the mode-locked signal.

The shortest pulse that was obtained from this experiment was 114 fs (figure 6.11) with a 2.5%
output coupler with 100 mW of output power. The corresponding pulse energy was 12.2 nJ and
the peak power was 107 kW. The calculated time-bandwidth product was 0.33 which indicates
that we had almost transform-limited pulses. To obtain the highest output power, we used al10%
output coupler for the same roundtrip GDD. In this case, 126 fs pulses were obtained with 430
mW of output power. The corresponding pulse energy and peak power were 52.44 nJ and 416 kW.
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Figure 6.11: (a) Autocorrelator trace for 114 fs pulse at 8.2 MHz repetition rate; (b) corresponding

spectrum.

Like in the previous experiments, different GDD values were used to evaluate the performance of

our mode-locked laser and the summary is listed in table 3.

Table 6.3: Summary of 8.2 MHz experiment using the White cell (In the table, Pinc = input power,
Pout= output power, E, = pulse energy, = pulse duration, 42= optical spectrum (FWHM), TBP =

Time-bandwidth product)

?:& " | Dispersion gﬂgg: Pinc Pout Ep Ppeak t(fs) | 42 TBP
(MH2) (fs?) (%) (W) W) | (nJ) | (kW) (nm)
25 16 0.1 12.2 107 114 10.11 0.33
-3200
10 21 0.43 52.44 | 416.19 126 9.16 0.33
8.2
2.5 16 0.15 18.29 | 136.49 134 8.5 0.32
-4400
10 25 0.65 79.26 | 5284 150 9.69 0.41
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6.5 Conclusion

In conclusion, a sub-100 fs mode locked Yb:CALGO laser was demonstrated by extending the
laser cavity with a White cell configuration. To the best of our knowledge, this is the first
femtosecond laser that was developed based on the White cell configuration. In this experiment,
the repetition rate was changed simply by adjusting the turning mirrors of the White cell. The
shortest pulse was 68 fs with 110 mW of output power at 13.85 MHz. The lowest repetition rate
was 8.2 MHz. The mode locking was based on SESAM with 6% modulation depth. Although the
mode locking was supposed to be self-starting, but one of the end cavity mirrors or the curved
mirror M1 needed tapping to initiate it. The use of White cell in the femtosecond laser operation

will make it easier to lower the repetition rate.
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Chapter 7
Conclusion and future work

7.1 Conclusion
The goal of this thesis was to develop a sub-100 fs ultrafast Yb:CALGO laser with high peak

power. The condition to operate efficiently in the mode-locked regime is that the laser should work
efficiently in the continuous-wave regime as well. This is why before the mode locking operation,
some experiments were done in the CW regime. The first one was estimating the intracavity losses
of the laser cavity. Intracavity losses reduce the laser efficiency and in an extreme case may cease
the lasing. The loss was estimated based on three different techniques. The spectroscopic gain
analysis is a dynamic and simple technique. In addition to that, the loss was also estimated based
on the Findlay-Clay method and numerical method which are conventional techniques and have
some limitations. It was found that the loss was low which is a prerequisite for efficient laser
operation. The second one was generating the dual-wavelength output based on optimized
birefringent filer (BRF). It has been shown that the regular BRF can generate dual-wavelength
output with fixed wavelength separation for a given thickness. In contrast, the optimized BRF can
tune the dual-wavelength separation without the need to change the thickness. Based on the
proposed design, two BRFs with 12 mm and 24 mm of thickness were used and showed fine-
tuning of the dual-wavelength output. The third one was getting conical refraction (CR) output
from the CW Yb:CALGO laser. The CR beam from this experiment was of high quality with high

output power. In addition to that, the tuning and DW operation of the CR laser were also presented.

As the laser was operating very well in the CW regime, the next goal was to generate ultrashort
pulses based on mode locking. As the Yb:CALGO crystal has high emission bandwidth (~50 nm)
and high thermal conductivity (6.9 W/m/K), therefore it should be suitable to generate sub-100 fs
pulses with high output power. To get the high peak power by boosting the pulse energy, the laser
cavity was extended. The first method that we used to extend the cavity was inserting a 1:1 imaging
telescope. 81 fs pulses were recorded at a 26.9 MHz repetition rate. The pulse energy and the peak

power were 48 nJ and 596 kW, respectively.

However, further extension of the cavity was complicated as it needed insertion of another 1:1
imaging telescope which would make the alignment complicated. To eliminate these issues the use
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of a White cell configuration was proposed. The White cell consists of three concave mirrors of
the same radius of curvature. They allow control of the number of bounces inside the White cell
which gave us the flexibility to reduce the repetition rate without the need of multiple additional
optical components. Therefore, extending the laser cavity became simple. Based on the number of
bounces in the White cell, the laser cavity was operating 13.85 MHz, 10.15 MHz and 8.20 MHz
repetition rates. Pulses as short as 68 fs were recorded, and the highest peak power was 744 kW
from this experiment. In section 5.6, the results from this experiment were compared with the
previous results and showed that using the White cell one can lower the repetition rate in a compact
and cost-effective way. Also, there are few experiments which obtained sub-100 fs pulses with

such a low repetition rate.

Based on the above discussion, the goal of achieving sub-100 fs pulses with high peak power
was successful. Hopefully, these experiments will extend the applications in the areas such as

nonlinear microscopy, biomedical imaging, and high-speed optical communications.

7.1 Future work

As an extension of this work, there is plenty of room available. In the experiment, the dual-
wavelength output was obtained using the off-surface axis BRF in the CW regime. It would be

nice to try the same BRFs in the mode locked operation.

The White cell configuration has a lot of opportunities to work on as this was the first-ever
report on the femtosecond mode-locked laser based on it. The field mirror in our White cell was
50 mm in diameter, therefore there is a limit on the maximum number of bounces on it. A field
mirror with a bigger diameter such as 150 mm can accommodate more bounces on it, therefore it
will enable one to reduce the repetition rate further below than what was obtained in this
experiment. In previous experiment, 17 spots were obtained using a 150 mm field mirror. If one
uses the similar field mirror, then with 17 spots on the field mirror, it is possible to bring down the
repetition rate to around 4 MHz. In applications such as fluorescence lifetime measurement, a low
repetition rate (suggested around 1-2 MHz) laser source is useful. In experiments using photon
counting detection chain, the high repetition rate causes problem in signal processing devices to

record the data.
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The mode locking method of our laser was based on the SESAM. It would be interesting if one
can extend the laser cavity by using the White cell configuration where the mode locking method
is based on the Kerr-lensing effect. It is strongly recommended to use a fiber laser source for
pumping as it will give good beam quality which in turn will ensure a good overlap between the

pump mode and the laser mode and facilitate KLM operation.

Another interesting work could be the Kerr-lens mode locking of the laser by using an additional
intracavity element. The design procedure of the KLM laser cavity is more complex than of
SESAM based lasers. The laser operates close to the stability region and tight focusing is required.
Also, the laser crystal works as both gain medium and Kerr medium. Such a tight focusing would
reduce the efficiency of the laser and it is difficult to achieve where the pump source is a multimode
one with a bad beam quality (such as the used laser diode). The addition of another nonlinear
medium in the laser cavity eliminates the need to use tight focusing on the gain medium and can

increase the Kerr lensing effect in the cavity.
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Appendix A: Jones matrix calculation

The propagation of two transverse polarizations of light in a homogenous isotropic medium can

be expressed in terms of Jones vectors. The Jones matrices are operator for Jones vector which
onei¢x
Eoye'®y

Different optical elements or transmission medium has different Jones matrices. In this section,

can be expressed as,

the discussion will be focused Jones matrix (M). The Jones matrix for the BRF discussed in
chapter 3 with figure 3.1 can be written as:

(1 0\ /[ Sinaeq; €O0SQeq\ /1 0O SinQeq —cosaeq) <1 0)
M_<0 q) (—cosaeq sinaeq) (0 eid’) (cosaeq sina,q J\0 ¢ (B1)

where Loss due Fresnel reflection (for s-polarization), q = (nin
sinaeq = \/(1 — C0S?ateq)
CoSapq = (cos¢ cosB cosa — sing sinf ) /siny
Phase difference due to birefringence,
@ =[(sin?.cos?) + (cosa.cos$p(n).cosO — sinf.sin ¢p(n))?] (B2)

The round-trip Jones matrix for the linear laser cavity can be written as:
Mrountrl’p = Q,Q’MM (B3)

Here, O’ is defining the polarization dependent loss inside the laser cavity. As the oscillating

wave repeat itself after one round trip, so the eigen value of M,.gyp¢rip, is the electric field

amplitude transmission and |m|?is the roundtrip power transmission.
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Appendix B: po calculation

A beam with Gaussian intensity distribution travelling along the one of the optical axes of a biaxial
crystal refracts conically and transforms into a bright pair of concentric rings separated by a dark
Poggendorff ring. To get a nice CR beam with dark Poggendorff ring the condition is po>>1, where

the parameter po is the ratio of the radius of the CR beam to the radius of the input beam.

Waist

width w | Crystal length, / r=wp,
Incident Al =wp, I
beam A )I

Figure B1: Schematic of the incident beam, forming cone inside the crystal and emerging as a
hollow cylinder [B.1].

A collimated beam of light that emerges as a narrow hollow cone within a biaxial crystal with a

semiangle as shown in figure C1:

1
A= ny \/(nz —ny)(nz —ny) (C1)
where, n1, nz and nz are the distinct refractive indices of the crystal, and the relation among them

IS N1< n2 < n3. Also (n, — n,) and (n3; — n,) should be small compared to n, so that refraction

and diffraction effects are paraxial.

The profile of the beam after passing through the crystal with length, | depends on po which, can
be defined as:

Al

p0 = — (C2)
r

p0 = ; (C3)
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Here, w is the beam waist radius and r is the ring radius. The refractive indices were calculated

based on the Sellmeier’s equation as a function of the wavelength which can be written as:

n()? = A+ Ly + D A% (C4)
where, A, B, C and D are Sellmeier’s coefficients of the medium. The Sellmeier’s coefficient for

KGW is given below in table 1. In the table n(1) is the value of the refractive index for the
corresponding axis.

Table-1: Sellmeier’s coefficients and the calculated refracted indices.

A B C/nm D/nm?2 n(A)
ng 1.3867 0.6573 170.02 0.2913x10° | 2.061
KGW
Nm 1.5437 0.4541 188.91 2.1567x10° | 2.013
np 1.5344 0.4360 186.18 2.0999x10°° 1.984

Based on equation 1, the semiangle was 18 mrad. For an 18 mm long CRE and the pump beam

radius of approximately 77um, the calculated powas approximately 4 for our CR experiment.
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Appendix C: Gaussian beam and ray tracing

A laser beam propagating in the z-direction can be expressed by a Gaussian function as:

Kr?

E(r,Z) = Ep T(Z)

] (A1)

wo : r? r _ 1 Z
o= exp( w(z)z) exp (-i [kz - tan - +

Where |Eo| is the peak amplitude, wave number, k = 2 7/, zr is the Rayleigh length and R(z) is the

radius of the curvature of the wavefront. The beam radius at any point along the propagation

wi) =w 1+ (%)2 (A2)

where, M2 is known as the beam quality factor which measures the spatial quality of a laser beam.

direction can be calculated as:

For a given wavelength Z, this dimensionless factor can be defined as:
(A3)

where W, is the beam waist and #is half-angle beam divergence. An ideal Gaussian beam has M?=
1.

The Rayleigh range zr (distance from beam waist to the place where cross-section area is doubled)
can be expressed as:

nwd

ZR = M2 (A4)
The radius of the curvature of a Gaussian beam can be defined as:
R@) =12 [1+ ()] (A5)
ZR

The ABCD matrix is a matrix that provides information of an optical element to transform the light
information that passes through it. The ABCD matrix can be expressed as:

AB)

Mascp = (C D

(A6)
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A wavefront and width of a Gaussian beam at any point can be expressed by complex q-parameter

as:

A+l (A7)

nmw?2 R

q=-i

The g-parameter gets modified while propagating in a free space/ optical element and the modified

g-parameter can be calculated as follows:

, _ Aq+B
4= (A8)

The most common ABCD matrices are listed below:

Element Matrix
Free space [é ‘11 d = Propagation distance
Thin lens [—11/f (1)] f = Focal length of the lens
Flat mirror (1) 2]

d = Propagation distance
Crystal [é d{n]
n = Refractive index
] 1 0 r = Radius of the curvature of
Curved mirror [_1/2T 1] he mirror
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Appendix D: Alignment of the White cell

The White cell is a very useful tool to extend the laser cavity without altering the g-parameter
of the laser cavity. The details of operation and working principle can be found in chapter 6 of

this thesis. The goal of this section is to explain the White cell alignment procedure.

At the beginning of the process, a stable CW laser oscillation was obtained in a regular length
cavity. In this case the regular cavity consists of M1, M2 (concave mirrors), dichroic mirror (DM),
output coupler (OC) and a HR mirror. This regular cavity should perform well in terms of the
output power and beam quality as well. Then the arrangement was changed for the White cell
alignment setup as shown in figure D1. The first step was replacing the HR mirror with a low
transmission output coupler (0.4% for this experiment). Using a power meter, it was confirmed
that the output power after the 0.4% OC was low. An optical beam blocker (figure D2(a)) was used
to control the beam propagation and avoid potential damage. Using an infrared sensor card (figure
D2(b)) the beam path was traced and monitored. In figure D1, mirrors M4, M5 and M6 form the
While cell. The use of mirrors M3 and M6 is optional but can be useful to make sure that the
entering and exiting beams are close to the field mirror [D.1]. The height of the beam after the
0.4% output coupler remained the same and this was checked using an iris diaphragm shown in

figure D2(c¢).

M6 s e
M6
M5
e NI
/ L4
HR—0.4% OC
M2
L3
LD -
(Pump < oc M1
source) \ <

AD AD

-\

Figure D1: The White cell alignment procedure.
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(a) (b) (c)

QD Newport

Model FRC!

Figure D2: (a) Optical beam blocker, (b) infrared sensor card, and (c) iris diaphragm [D.2].

After that the turning mirrors M4 and M6 were moved simultaneously to obtain the desired
number of bounces on the field mirror. An infrared viewer was used to monitor this. In most of the
cases, removal of the 0.4% OC after the cell alignment process caused the laser to oscillate with
the extended cavity. If not, then gently rocking the HR mirror (or the OC) was helpful to get the

laser oscillation.
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