University of Central Florida

STARS

Graduate Thesis and Dissertation 2023-2024

2024

Opto-Electronic Oscillator driven Electro-Optic Modulator based
Optical Frequency Comb

Lawrence Trask
University of Central Florida

Find similar works at: https://stars.library.ucf.edu/etd2023
University of Central Florida Libraries http://library.ucf.edu

This Doctoral Dissertation (Open Access) is brought to you for free and open access by STARS. It has been accepted
for inclusion in Graduate Thesis and Dissertation 2023-2024 by an authorized administrator of STARS. For more

information, please contact STARS@ucf.edu.

STARS Citation

Trask, Lawrence, "Opto-Electronic Oscillator driven Electro-Optic Modulator based Optical Frequency
Comb" (2024). Graduate Thesis and Dissertation 2023-2024. 461.
https://stars.library.ucf.edu/etd2023/461


https://stars.library.ucf.edu/
https://stars.library.ucf.edu/etd2023
https://stars.library.ucf.edu/etd2023
http://library.ucf.edu/
mailto:STARS@ucf.edu
https://stars.library.ucf.edu/etd2023/461?utm_source=stars.library.ucf.edu%2Fetd2023%2F461&utm_medium=PDF&utm_campaign=PDFCoverPages

OPTO-ELECTRONIC OSCILLATOR DRIVEN ELECTRO-OPTIC MODULATOR BASED
OPTICAL FREQUENCY COMB

LAWRENCE ROBERT TRASK
B.S. Electrical Engineering, University of California San Diego, 2016
M.S. Optics and Photonics, University of Central Florida, 2020

A dissertation submitted in partial fulfilment of the requirements
for the degree of Doctor of Philosophy
in the College of Optics and Photonics
at the University of Central Florida
Orlando, Florida

Spring Term
2024

Major Professor: Peter J. Delfyett



© 2024 Lawrence Robert Trask

i



ABSTRACT

Optical frequency combs (OFC) are now a well-known tool for utilizing broad optical bandwidths
with electronic resolution. Several applications including spectroscopy, metrology, ultra-wideband
signal processing, and communications are being propelled forward by optical frequency combs.
The advent of high repetition rate optical frequency combs for use in astrophotonics has elucidated
the need for newer architectures. This dissertation discloses a self-oscillating, self-stabilizing,
and self-referenced opto-electronic oscillator (OEO) driven electro-optic modulated (EOM) based
optical frequency comb. We demonstrate a new path towards high repetition rate OFCs with two
major developments. The use of a photonically filtered OEO simultaneously stabilizes the optical
carrier frequency and generates a spectrally pure & stable ~ 10 GHz RF signal. The generated
oscillation signal is then used to drive a cascade of electro-optic modulators to create a ~ 10 GHz
repetition rate EOM comb. A new all-fiber based nonlinear pulse compressor for conditioning
picosecond pulses, with pico-Joule pulse energies where 60% of the energy lies in the pedestal.
The compressor can produce pulses under 200 fs in duration with nanojoule pulse energies and
high contrast. This all-fiber approach removes the need for expensive pulse-shapers and operates
solely on nonlinear fiber dynamics. Finally, we detect the carrier-envelope-offset frequency (fo)
of the OEO EOM OFC through f-2f interferometry. This represents the first time a self-oscillating

~10 GHz repetition rate comb source has been self-referenced.

1l



To my wife, Meixi, who continues to knock some sense into me.

v



ACKNOWLEDGMENTS

I would like to acknowledge my advisor, Prof. Peter J. Delfyett, for giving me the opportunity to
conduct world class science and a space to let my ideas flourish. I would also like to acknowledge
the current and past members of the UP group during my time. Amongst them, Srinivas Varma
Pericherla, Dr. Ricardo Bustos Ramirez, and Dr. Chinmay Shirpurkar who I have had the pleasure
of working together with. Especially Srinivas Varma Pericherla, who’s aid allowed me to finish this
work. In addition, I would like to acknowledge Dr. Stefan Gausman, Dr. Matthew Cooper, Joseph
Wahlen, and Caleb Dobias for teaching me all about fiber optics. To my friends and family, for
listening to my incessant complaints about the difficulties in science and their continued support.
Finally, I would like to acknowledge CREOL as a whole for giving me a chance at turning my life

around.



TABLE OF CONTENTS

LISTOFFIGURES . . . . . . . e e e X
CHAPTER 1: INTRODUCTION. . . . . . . . o et e 1
Optical Frequency Combs . . . . . . . . . . . . . . . e 1
Generation of Optical Frequency Combs in telecomband . . . . . . . .. ... .. ... 4
EOM Combs . . . . . . .. .. e 4
Mode-locked laser based frequency combs . . . . . . ... ..o 6

Fiber based mode-locked lasers . . . . . . . ... ... ... . ... . 0L, 7
Semiconductor based mode-locked lasers . . . . . .. ... ... oL 8
Kerr-ring resonator based frequency combs . . . . . ... ..o 0oL 11
ThesisOutline . . . . . . . . ... e 12

CHAPTER 2: GENERATION OF A LOW NOISE AND STABLE 10 GHZ COMB SOURCE

14
Constructionof an EOMcomb . . . . . . . .. ... . L L 14
CWilaser . . . . . . . e 16
Electro-optic modulation . . . . . . . .. ... ... ... ... 17

vi



Compressed pulses . . . . . . . . . L 18

External RFsource . . . . . . . . . .. . .. 20
EOM comb experiment . . . . . . . . . . . .. e e 22
Pound-Drever-Hall locking . . . . . . . . . . . . .. . .. 24
Modified Pound-Drever-Hall locking using a tunableetalon . . . . . .. ... ... ... 28
Pound-Drever-Hall lockingonan EOMcomb . . . . ... ... ... .......... 31
Optoelectronic Oscillators . . . . . . . . . . . . . . e 34

Photonically filtered opto-electronic oscillators . . . . . . . ... ... ... ... 36

Optically filtered and stable electro-optic modulated comb without an external RF source 38

Opto-electronic oscillator driven electro-optic modulatedcomb . . . . . . . . .. .. .. 44
CHAPTER 3: OPTICAL FILTERING USING A TUNABLE ETALON . . . . . .. . .. 48
Optical Cavity Dispersion and FSR walk-off . . . . . .. ... ... ... ... ..... 48
Tunable etalon background . . . . . . ... ... oL oo 53
Construction of a tunable etalon (3k finesse) . . . . . . . . . . ... ... . ... .... 55
Construction of a tunable etalon (600 finesse) . . . . . .. ... ... ... ....... 59
CHAPTER 4: HIGH CONTRAST NONLINEAR PULSE COMPRESSION . . . . . . .. 65
Self-Phase Modulation . . . . . . . . . ... 66

Vil



Self phase modulationinfiber . . . .. ... ... ... o oL 67

Linear Pulse Shaping . . . . . . . . . . . . . . . e 76
Saturable Absorption . . . . . ... Lo 80
Nonlinear Loop Mirrors . . . . . . . . . . . . . e 81
CHAPTER 5: ULTRASHORT PULSE AMPLIFICATION . . . . . .. .. ... ..... 94
Ultrashort pulse amplification in Erbium doped fiber amplifiers . . . . . . . .. ... .. 94
Watt Class EDFAS . . . . . . . . o o e 99
Gain NArroWINgG . . . . . . . L e e e e e e e 103
Pulse-picking . . . . . . . . . . e 105
Pulse-pick by 64 . . . . . . . .. e e 107
Pulse-pick by 8 . . . . . . . 109

CHAPTER 6: COHERENT OCTAVE SPANNING SUPERCONTINUUM GENERATION

FOR CARRIER-ENVELOPE-OFFSET FREQUENCY DETECTION . . . . 115
Theoretical background: Supercontinuum Generation . . . . . . .. ... ... ..... 115
Experimental Work: Supercontinuum generation . . . . . . .. .. .. ... ... .. 120
Carrier-Envelope-Offset Frequency Detection . . . . . . .. .. .. ... ... ..... 124
Nonlinear waveguides for coherent octave spanning supercontinuum generation . . . . . 131

viil



CHAPTER 7: CARRIER ENVELOPE OFFSET FREQUENCY EXPERIMENTS . . . . . 134

Pulse-picking By 64 Experiments . . . . . . . . . . ... ..o 134
Pulse-picking by 8 Experiments . . . . . . . . . .. .. L Lo L 138
CHAPTER 8: CONCLUSION . . . . . . . e e e e e 141
Future work . . . . . . . . oo 142
LISTOFREFERENCES . . . . . . . . . . e 144

1X



1.1

1.2

1.3

1.4

1.5

1.6

2.1

LIST OF FIGURES

(a) Time domain representation of an optical frequency comb, (b) frequency

domain representation of an optical frequency comb . . . . . . ... ... ..

Schematic of a simple EOM comb driven by a single external RF source.
CW: continuous-wave laser, PM: electro-optic phase modulator, IM: electro-

optic intensity modulator, RF: external RF oscillator. . . . . . ... ... ..

Passive mode-locking in a FMLL using a NALM (a) figure-of-eight laser (b)

figure-of-nine laser . . . . . . . . ... ...

A schematic of an external cavity HML SCMLL where SA: saturable ab-
sorber, PBS: polarization beam splitter, SOA: semiconductor optical ampli-

fier, Dispersion 1 and Dispersion 2 are dual grating compressors . . . . . . .

Schematic of a fully integrated SCMLL with a saturable absorber and metal

pads to enable HML. Where SA: saturable absorber. . . . . . ... ... ...

Frequency domain picture of pumping a Kerr microring resonator . . . . . .

Simulated EOM comb consisting of four phase modulators (assuming V; =
4V) using a noiseless external RF source with 3 W RF power into each phase
modulator showing the a) normalized spectral intensity and b) the temporal

waveform . . . .. . e



22

2.3

24

2.5

2.6

Simulated EOM comb consisting of four phase modulators (assuming V; =
4V) using a noiseless external RF source with 3 W of RF into the phase
modulators power showing the a) pulse profile after linear chirp (blue) with
the transform limited pulse (red), b) the autocorrelation of the pulse profile

after linear chirp (blue) with the transform limited autocorrelation of the pulse

Sample 10 GHz RF synthesizer phase noise breakdown, taken from "Keysight
Technologies Solutions for Reducing Phase Noise at RF and Microwave Fre-

quencies Application Note". . . . . . . . . .. ... ... ...

a) Schematic of an EOM comb using 2 phase modulators and one intensity
modulator driven by a common RF synthesizer at 12 GHz. PDH: Pound-
Drever-Hall locking, PC: polarization controller, PM: phase modulator, MZM:
intensity modulator, PS: RF phase shifter, RF Amps: RF amplifiers, Finisar
Waveshaper: Liquid Crystal on Silicon pulse-shaper. b) Measured optical

spectrum, c) Measured intensity autocorrelation . . . . . . . . ... ... ..

a) Experimental schematic of an EOM comb using four phase modulators
and one intensity modulator driven by a common RF synthesizer at 10.5
GHz. PC: polarization controller, PM: phase modulator, MZM: intensity
modulator, PS: RF phase shifter, AOM: acousto-optic modulator, VCO: volt-

age controlled oscillator, PID: proportional-integral-derivative controller. b)

Measured optical spectrum, ¢c) Measured compressed intensity autocorrelation 25

a) Transmission response of an etalon with respect to optical frequency, b)
transmission and reflection profile of a single etalon resonance, c) reflected

phase profile of a single etalon resonance. . . . . . .. ... ... .. ....

X1



2.7

2.8

2.9

2.10

2.11

PDH error signal when a phase modulated CW laser sweeps across an etalon

TESONANCE. .« & v v v v o e e e e e e e e e e e e 27

Schematic for locking a CW laser to a 100k finesse etalon through PDH.
AOM: acousto-optic modulator, PM: phase modulator, FPE: Fabry-Perot etalon,
ISO: fiber pigtailed isolator, VCO: voltage-controlled oscillator, PID: proportional-
integral-derivative controller, LPF: low pass filter, PD: photodiode, RF Amp:

RF amplifier, RF Synth: RF synthesizer. . . . . . . ... ... ... ..... 28

Schematic for measuring residual phase noise before and after a haphazardly
built tunable etalon. EOM: cascade of electro-optic modulators, SOA: semi-
conductor optical amplifier, PS: RF phase shifter, ATT: RF variable attenua-
tor, PDH:-Pound-Drever-Hall locking, EDFA: erbium doped fiber amplifier,
WS: Finisar waveshaper, RFSA: RF spectrum analyzer, Phase Noise test set:

HP carrier noise test set for measuring phase noise. . . . . . . ... ... .. 29

Residual phase noise measurement (blue) before locking tunable etalon to
EOM comb, (red) after locking tunable etalon to EOM comb, (black) noise

floor dictated by phase noise of synthesizer and amplifier . . . . .. ... .. 30

Architecture for generating filtered EOM combs via PDH locking of the
EOM comb to a 100k finesse etalon. AOM: acousto-optic modulator, ISO:
fiber pigtailed isolator, PC: polarization controller, SOA: semiconductor op-
tical amplifier, PM: phase modulator, MZM: intensity modulator, EDFA: Er-
bium doped fiber amplifier, FPE: 100k finesse Fabry-Perot etalon, VCO: volt-
age controlled oscillator, RF Amps: RF amplifiers, PS: RF phase shifter, Att:
optical attenuator, LPF: low pass filter, PID: proportional-integral-derivative

controller. . . . . . . oL 32

Xii



2.12

2.13

2.14

2.15

2.16

2.17

Transmission response of a single resonance of the 100k finesse etalon in dB

scale. 100k finesse etalon specs: 100k finesse, ~ 1.5 GHz FSR, FWHM:

Diagnostic traces of PDH locked EOM comb employing two phase modula-
tors and one intensity modulator: a) Optical spectrum before etalon (black)
and after etalon (red), b) photodetected RF beat note after the etalon, ¢) in-

tensity autocorrelation externally compressed and measured after the etalon. .

Schematic representation of a basic OEO using optical fiber as the high Q

optical cavity and an RF filter as a high Q electronic cavity. . . . . . .. ...

a) Schematic diagram of an RF filtered OEO, b) RF frequency spectrum of
an RF filtered OEO, c) schematic diagram of a photonically filtered OEO,
d) optical spectrum of the photonically filtered OEO, e) RF spectrum of the
photonically filtered OEO. . . . . .. ... .. ... ... ... .......

Schematic of the optically filtered OEO EOM comb employing 4 phase mod-
ulators and 1 intensity modulator for comb generation. AOM: acousto-optic
modulator; PM: phase modulator; MZM: intensity modulator; EDFA: erbium
doped fiber amplifier; FPE: 100k finesse ULE quartz spacered Fabry Perot
etalon; att: adjustable attenuator; PD: photodetector; ISO: isolator; BPF:
bandpass filter; PS: phase shifter; VCO: voltage-controlled oscillator; PID:

servo controller; LPF: low pass filter . . . . . .. .. .. ... .. ......

Normalized acousto-optic modulator response with respect to input drive fre-
quency (black) and normalized output power response after EDFA 2 with

respect to frequency (red). . . . . . .. ...

Xiil

34



2.18

2.19

2.20

2.21

(a) Optical spectrum of the optically filtered OEO EOM comb before (black)
and after the etalon (red). (b) Optical spectrum of the OEO EOM comb after
the etalon with high 2 sensitivity. (c) RF spectrum at RF output 1 (red) and
RF output 2 (black) of the optically filtered OEO EOM comb. (d) Externally
compressed and measured SHG Intensity autocorrelation of optically filtered
OEO EOM comb (black), calculated transform limited pulse autocorrelation
from optical spectrum (red), and calculated transform limited pulse from op-

tical spectrum (blue). . . . . . . . ...

(a) Measured absolute phase noise at RF output 1 of the optically filtered
OEO EOM comb. (b) Measured fractional frequency stability at RF output 1
of the optically filtered OEO EOMcomb. . . ... ... ... ........

OEO EOM comb schematic diagram with 4 phase modulators placed after
the etalon. AOM: acousto-optic modulator, EDFA: Erbium doped fiber am-
plifier, MZM: intensity modulator, PM: phase modulator, FPE: Fabry-Perot
etalon, Att.: attenuator, RF Amp: RF amplifier, LPF: low pass filter, PID:
proportional-integral-derivative controller, VCO: voltage controlled oscilla-
tor, RF Amp: RF amplifier, ISO: RF isolator, BPF: RF bandpass filter center
frequency of 10.486 GHz and 10 MHz passband, PS: RF phase shifter, RF

switch: RF absorptive switch. . . . . . . ... ... ... ... ........

Diagnostic traces of the OEO EOM comb: a) optical spectrum, b) RF spec-
trum measured at the RF output, externally compressed and measured second

harmonic intensity autocorrelator. . . . . . . . ... ... ... ... ...,

X1v



3.1

3.2

33

34

a) Schematic for testing optical bandwidth limitation of 100k finesse etalon.
AOM: acousto-optic modulator, ISO: fiber pigtailed isolator, PC: polariza-
tion controller, SOA: semiconductor optical amplifier, PM: phase modulator,
MZM: intensity modulator, EDFA: erbium doped fiber amplifier, HNLF: 100
m of normal dispersion highly nonlinear fiber, FPE: 100k finesse Fabry-Perot
etalon, VCO: voltage controlled oscillator, RF Amps: RF amplifiers, PS: RF
phase shifter, LPF: low pass filter, PID: proportional-integral-derivative con-
troller. b) Normalized optical spectrum of the nonlinearly broadened EOM
comb before (black) and after the 100k finesse etalon (red). c¢) Normal-
ized optical spectrum of the etalon throughput for different repetition rates:

11.9851414 GHz (black) and 11.9851415GHz (red) . . . . . . . . . ... ..

Reflected phase data of ultrahigh reflectivity crystalline mirrors provided by
Thorlabs. Top: Reflected phase with respect to wavelength. Middle: Cal-
culated group delay with respect to wavelength, Bottom: Calculated group

delay dispersion with respect to wavelength. . . . . . . . ... ... ... ..

Theoretical Fabry-Perot etalon free-spectral range with respect to wavelength

using Thorlabs crystalline mirrors assuming a cavity with designed FSR=14.986

GHz and Finesse=200,000. . . . . . . . . . . . .. .. ... ... .. ...,

Theoretical transmission of a tunable etalon with FSR=14.9896229 GHz. In
blue, the etalon resonances with no mirror translation. In red, the etalon
resonances when the front mirror has translated backward by 100 nm. In
magenta, the etalon resonances when the front mirror has translated forward

by 100 nm. . . . ...

XV

52



3.5

3.6

3.7

3.8

39

3.10

Schematic of a tunable etalon employing a flat-curved mirror configuration
and a brass block as an anchor. M: mirror, KC1T: Thorlabs 30 mm cage

compatible mount. . . . . ... L

Front, rear, and top view of the CAD file of the metallic block used as an

anchor for the tunableetalon. . . . . . . . . . . . . ... ... ... ... .

Photograph of the newly constructed ~ 3k finesse tunable etalon employing
flat-curved mirror configuration and mirror reflectivities of 99.97% and FSR

~105GHz. . . . . ..

a) Schematic for testing the performance of the tunable etalon. PM: phase
modulator, Tetalon: Tunable etalon, Att: RF attenuator, PD: photodiode,
PZT: High voltage piezo driver, RF Amp: RF amplifer, RF Amp: RF am-
plifier, LPF: Low pass filter, PID: proportional-integral-derivative controller.
b) Optical spectrum of the OEO EOM comb before passing through the tun-

able etalon (black) and after locking the tunable etalon to the OEO EOM

Schematic of a ~ 600 finesse tunable etalon employing a curved-curved mir-
ror configuration anchored by a steel block. M: mirror, KCI1T: thorlabs 30

mm cage compatible mount. . . . . ... ... Lo

Photodetected ASE beat note of the ~ 600 finesse etalon. . . . . . . .. . ..

XVi



3.11

4.1

4.2

4.3

Schematic for measuring the FSR of ~ 600 finesse tunable etalon using an
EOM comb with spectral broadening. AOM: acousto-optic modulator, ISO:
fiber pigtailed isolator, PC: polarization controller, EDFA: Erbium doped
fiber amplifier, PM: phase modulator, FPE: 100k finesse Fabry-Perot etalon,
RF Amp: RF amplifier, PD: photodiode, LPF: low pass filter, PID: proportional-
integral-derivative controller, VCO: voltage controlled oscillator, MZM: in-
tensity modulator, RF synth: RF synthesizer, Att: RF attenuator, PZT: high

voltage piezocontroller. . . . . . . . . ... Lo

Conceptual diagram of self phase modulation. Top: input intensity profile of
an optical pulse in nonlinear medium. Bottom: instaneous frequency of pulse

after undergoing SPM. . . . . . ...

Intensity autocorrelation traces showing soliton compression in single mode

Simulated parabolic pulse propagation by nonlinearly propagating a Gaus-

sian pulse in a normal dispersion fiber. . . . . ... ... ..o

XVil

70



4.4

Experimental work of spectral broadening an EOM comb (consisting of two
phase modulators and one intensity modulator driven by a common RF syn-
thesizer at 10 GHz) using 100 m of anomalous dispersion HNLF from OFS.
a) Schematic representation of spectrally broadening an EOM comb using
anomalous dispersion HNLF. PDH: Pound-Drever-Hall locking, FPE: Fabry-
Perot etalon, EOM: cascade of electro-optic modulators, SOA: semiconduc-
tor optical amplifier, B,: linear chirp for compressing EOM comb pulses,
EDFA: erbium doped fiber amplifier, HNLF: anomalous dispersion HNLF.
b) Optical spectrum of EOM comb before broadening, c) compressed inten-
sity autocorrelation of EOM comb, d) optical spectrum of EOM comb after
amplification to 100 mW and spectral broadening in 100 m of HNLEF, e) inten-
sity autocorrelation of spectrally broadened EOM comb with average power
100 mW, f) optical spectrum of EOM comb after amplification to 300 mW
and spectrally broadened by HNLF, g) intensity autocorrelation of spectrally

broadened EOM comb with average power 300 mW. . . .. ... ... ...

XViil



4.5

Experimental work of spectral broadening an EOM comb (consisting of two
phase modulators and one intensity modulator driven by a common RF syn-
thesizer at 10 GHz) using 100 m of zero dispersion HNLF from OFS. a)
Schematic representation of spectrally broadening an EOM comb using zero
dispersion HNLF. PDH: Pound-Drever-Hall locking, FPE: Fabry-Perot etalon,
EOM: cascade of electro-optic modulators, SOA: semiconductor optical am-
plifier, B,: linear chirp for compressing EOM comb pulses, EDFA: erbium
doped fiber amplifier, HNLF: zero dispersion HNLF. b) Optical spectrum of
EOM comb before broadening, c) compressed intensity autocorrelation of
EOM comb, d) optical spectrum of EOM comb after amplification to 100
mW and spectral broadening in 100 m of HNLF, e) intensity autocorrelation
of spectrally broadened EOM comb with average power 100 mW, f) optical
spectrum of EOM comb after amplification to 300 mW and spectrally broad-
ened by HNLF, g) intensity autocorrelation of spectrally broadened EOM

comb with average power 300 mW. . . . . . .. ... ...,

X1X

73



4.6

4.7

4.8

Experimental work of spectral broadening an EOM comb (consisting of two
phase modulators and one intensity modulator driven by a common RF syn-
thesizer at 10 GHz) using 100 m of normal dispersion HNLF from OFS. a)
Schematic representation of spectrally broadening an EOM comb using nor-
mal dispersion HNLF. PDH: Pound-Drever-Hall locking, FPE: Fabry-Perot
etalon, EOM: cascade of electro-optic modulators, SOA: semiconductor op-
tical amplifier, B: linear chirp for compressing EOM comb pulses, EDFA:
erbium doped fiber amplifier, HNLF: normal dispersion HNLF. b) Optical
spectrum of EOM comb before broadening, c¢) compressed intensity autocor-
relation of EOM comb, d) optical spectrum of EOM comb after amplification
to 100 mW and spectral broadening in 100 m of HNLF, e) intensity autocor-
relation of spectrally broadened EOM comb with average power 100 mW,
f) optical spectrum of EOM comb after amplification to 300 mW and spec-
trally broadened by HNLF, g) intensity autocorrelation of spectrally broad-

ened EOM comb with average power 300 mW. . . ... ... ........

Schematic of a commercially available grating based pulse shaper from Fin-

isar (now Coherent). . . . . . . . . . . ... e

Schematic representation of an EOM comb spectrally broadened by HNLF,
reshaped using a linear pulse shaper, and then amplified again. MZM: in-
tensity modulator, PM: phase modulator, PDH: Pound-Drever-Hall lock, f3,:
linear chirp for compressing EOM comb, EDFA: erbium doped fiber am-
plifier, HNLF: 100 m of highly nonlinear fiber, pulse-shaper: grating based

pulseshaper. . . . . . . . ...

XX

78



4.9

4.10

4.11

Associated data of an EOM comb spectrally broadened and shaped using
pulse shaper. a) Optical spectrum of the 33 GHz EOM comb using 2 phase
modulators and 1 intensity modulator, b) optical spectrum of EOM comb af-
ter amplification to .5 W and subsequent nonlinear spectral broadening in
100 m of HNLF before shaping (green) and after spectral flattening in 5 nm
increments (black), ¢) intensity autocorrelation trace of spectrally broadened
EOM without shaping (green) and with shaping in 5 nm increments (black),
d) optical spectrum of spectrally broadened EOM after full line by line shap-
ing, e) intensity autocorrelation of spectrally broadened EOM comb after full

line by line shaping (black) and transform limited autocorrelation (red).

Simplified diagram of a nonlinear amplifying loop mirror. . . . . . . . . . ..

Experimental work of nonlinear pulse compression using a 40/60 NOLM on
an EOM comb (with 2 phase modulators driven by an external RF synthe-
sizer at 10.5 GHz) locked and filtered by our 100k finesse etalon. a) AOM:
acousto-optic modulator, ISO: fiber pigtailed isolator, PC: polarization con-
troller, SOA: semiconductor optical amplifier, PM: phase modulator, MZM:
intensity modulator, EDFA: Erbium doped fiber amplifier, FPE: 100k finesse
Fabry-Perot etalon, SMF: 540 m of standard single mode fiber, VCO: volt-
age controlled oscillator, RF Amps: RF amplifiers, PS: RF phase shifter, Att:
optical attenuator, LPF: low pass filter, PID: proportional-integral-derivative
controller, 40/60: 40/60 fiber optic coupler, D<O HNLF: 100 m of normal
dispersion HNLF with low loss splices SMF28 pigtails, b) Optical spectrum
of EOM comb (black) and NOLM output (red), c) Intensity autocorrelation
of EOM comb (black) and NOLM output (red). . . . ... ... ... ....

XX1



4.12

Experimental work of nonlinear pulse compression using a 50/50 NALM on
an EOM comb (with 4 phase modulators driven by an external RF synthe-
sizer at 10.5 GHz) locked and filtered by our 100k finesse etalon. a) AOM:
acousto-optic modulator, ISO: fiber pigtailed isolator, PC: polarization con-
troller, PM: phase modulator, MZM: intensity modulator, EDFA: Erbium
doped fiber amplifier, FPE: 100k finesse Fabry-Perot etalon, SMF: 250 m
of standard single mode fiber, VCO: voltage controlled oscillator, RF Amps:
RF amplifiers, PS: RF phase shifter, Att: optical attenuator, LPF: low pass fil-
ter, PID: proportional-integral-derivative controller, 50/50: 50/50 fiber optic
coupler, DSF: 110 m of dispersion shifted fiber, EDF: 12 m of M12-980-
125 Erbium doped fiber bi-directionally pumped by two 1 W 976 nm laser
diodes, b) Optical spectrum of EOM comb (black) and NALM output (red),

c¢) Intensity autocorrelation of EOM comb (black) and NALM output (red).

XXil

85



4.13

Experimental work of nonlinear pulse compression by cascading a 40/60
NOLM and a 50/50 NALM on an EOM comb (with 2 phase modulators
driven by an external RF synthesizer at 10.5 GHz) locked and filtered by our
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CHAPTER 1: INTRODUCTION

Optical Frequency Combs

Optical frequency combs (OFC) are magnificent tools that have fostered the growth of technology
in multiple fields such as ultra-wide band communications [1], metrology [2,3], spectroscopy [4,5],
low noise microwave generation [6], LIDAR [7], and many more [8]. Many of these applications

are made possible through viewing the OFC in either the time or frequency domain.

In the time domain, an OFC consists of a train of pulses that are temporally separated with period
Typ- The periodicity of the OFC is related to the length of the laser cavity (for mode-locked lasers)
by equation 1.1, where [ is the length of the laser cavity and v, is the group velocity of the cavity
medium. The pulse train can be thought of as an ultrafast oscillating optical carrier (on the order of
100’s of THz) being modulated by a much slower signal (from the repetition period). If one were
to track the optical carrier with respect to the peak of the pulse, one would observe that the optical
carrier seems to be changing from pulse to pulse. This shift in the optical carrier phase and the
envelope of the pulse train is known as the carrier envelope shift. This effect can be seen in Fig.

1.2a, where the optical carrier phase changes from pulse to pulse by A¢.

Trep = le/vg (1.1)

The frequency domain picture of an OFC is related to the time domain picture by a Fourier trans-
form of the pulse train. The periodic nature of the pulse train manifests itself as several delta
functions centered at the optical frequency and spaced by f.., = 1/Trep; forming the shape of a

comb. The comb lines are weighted by the Fourier transform of the envelope of a single pulse.
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Figure 1.1: (a) Time domain representation of an optical frequency comb, (b) frequency domain
representation of an optical frequency comb

By extrapolating the delta functions down to 0, one would typically measure an offset frequency
(fo = Vop:%21). The offset frequency fy is related to the carrier-envelope shift A¢ from pulse to
pulse. The OFC in the frequency domain can be seen in Fig. 1.1b. Mathematically, we can express

the frequency of each comb line in the OFC by equation 1.2.

Jn=Jotnfrep (1.2)

Many of the previously mentioned applications are made possible through the inherent properties
of frequency combs such as coherent equidistant longitudinal modes and frequency stability. For
example, dual comb spectroscopy requires the use of two coherent OFCs to effectively sample large
optical bandwidths in a short amount of time. Optical frequency division uses the broad optical

bandwidth and coherency as bridge to optical atomic clocks using spectrally distant wavelengths.



Some applications require knowledge and control of both fy & f,, while others only require
frep- For repetition rates within the bandwidth of photodetectors (typically < 70 GHz), f., can
be measured by simply illuminating a photodetector and observing the combline on an RF spec-
trum analyzer (RFSA). On the other hand, measuring f with precision requires a self-referencing
interferometer. The most common self-referencing interferometer is known as an f-2f interfer-
ometer which requires a coherent octave of bandwidth and second harmonic generation (SHG).
Various techniques have been employed to either compensate [9] for or eliminate its presence [10].
However, they all still require a coherent octave of bandwidth and SHG. Measuring fy with f-
2f interferometry involves frequency doubling the low frequency end of the coherent octave and
interfering the frequency doubled light with a set of comblines on the high frequency end. The

mathematical operation of f-2f interferometry can be seen in 1.3.

2<f0+nfrep)_f0+mfrep:fbeat (13)

When m=2n, f,..; = fo, which fj to be attainable electronically. Once determined, a feedback
loop can be used to compensate for fy; yielding a stabilized optical frequency comb. The result is

an OFC in which each combline frequency is known with several digits of precision.

In the next section, we will discuss different methods of generating frequency combs such as
Electro-optic modulation (EOM), mode-locking, and microresonators. We will also discuss the

types of frequency combs that have demonstrated self-referencing.
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Figure 1.2: Schematic of a simple EOM comb driven by a single external RF source. CW:
continuous-wave laser, PM: electro-optic phase modulator, IM: electro-optic intensity modula-
tor, RF: external RF oscillator.

Generation of Optical Frequency Combs in telecom band

EOM Combs

An EOM comb is the simplest type of frequency comb in which a CW laser is passed through
a cascade of phase and intensity modulators. Fig. 1.2 shows the schematic of a simple EOM
comb. The spacing between comb lines, fi.p, is determined by the modulation frequency used to
drive the modulators. This gives the EOM comb a large amount of flexibility in terms of adjusting
Jrep, allowing for both wide and narrow spacing between comb lines. The number of generated
comblines is determined by the combination of the V;; and the RF power driving the modulator.
The intensity modulator gives rise to the pulse like nature of the EOM comb while the phase
modulators impress a sinusoidal temporal phase on the carrier frequency leading to the generation
of additional frequency components and spectral phase. In this case, the phase modulators are the
main driver for combline generation. Phase modulators can produce significantly more comblines
due to the higher modulation index that can be achieved as a result of a lower V; and higher RF
power handling. A typical broadband EOM comb uses several phase modulators and a single

intensity modulator.



Recent experiments have demonstrated pulse durations of 230 fs at 1552.52 nm (24 nm bandwidth
with a repetition rate of 25 GHz), [11], with subsequent nonlinear broadening bringing the pulse
duration to as short as 120 fs with a repetition rate of 1 GHz. This was accomplished by cascading
three phase modulators and one intensity modulator that are all driven with the same 25 GHz
RF drive signal. Then, the pulses from the EOM comb were compressed to a FWHM of 230 fs,
amplified, and then sent through a glass block for nonlinear spectral broadening to reach a pulse
duration of 100 fs. It has been also shown that EOM combs can be used to generate pulses as short
as 550 fs at 514.5 nm (2 THz FWHM bandwidth with a repetition rate of 16.25 GHz) [12] using a
single modulator. However, this requires the modulator to be placed in a cavity which allows for
multiple passes. This requires the input light to not only spatially match the cavity modes but to
also spectrally match the cavity modes. These works and many others use an external RF oscillator

to drive the phase modulators at a constant frequency [13, 14].

An EOM comb using cascaded modulators is the simplest case in generating a frequency comb as
it requires no optical cavity and f., can be tuned without having to match a cavity’s resonances.
EOM combs generated using an opto-electronic oscillator (OEO) have also been demonstrated,
eliminating the need for an external RF oscillator [15]. However, by using an OEO loop to generate
the RF signal, the EOM comb is no longer continuously tunable. Instead, the EOM comb would
become discretely tunable due to the discrete resonance peaks displayed by the periodic filter in
both f., & fo. Due to their simplicity in generation, EOM combs have been used for a variety
of applications that can take advantage of their tunability and robustness. However, the tradeoff
for robustness and tunability is high timing jitter. EOM combs typically possess more timing
jitter than other comb sources because they lack a filter mechanism which is typically found in
other frequency comb generators. This is because the phase noise of an EOM comb is dictated by
the noise of the CW laser and RF driving signal. Comb lines generated through the modulation

process can be interpreted as multiplication of the RF driving signal which results in background



noise multiplication [16]. This has also been confirmed in a more recent experiment in which an
EOM comb was self-referenced via f-2f interferometry [17]. The authors of [17] note that they

were unable to obtain a coherent beat note for f.., without an external filtering etalon.

Mode-locked laser based frequency combs

Another method of producing frequency combs is through mode-locking. Mode-locking is the
process by which several near equidistant frequency components acquire a fixed phase relation-
ship through gain, nonlinearity, and feedback. The feedback is accomplished by an optical res-
onator which provides the frequency spacing for the combs. The resonator modes are a result of
a standing wave which is produced inside the cavity, allowing only frequencies which satisfy the
Berkhausen condition (round trip phase of 27) to sustain oscillation. The mode spacing is the
result of several longitudinal modes which satisfy the round trip phase of 27, which is called the
free spectral range (FSR). For plane cavities, the FSR = ¢/2/, while for ring cavities FSR = ¢/I.
Where c is the speed of light in vacuum, n is the index of refraction of the material, and /. is the
length of the cavity. A typical mode-locked laser contains a comb generating element (such as an
electro-optic modulator or nonlinear element) and gain inside an optical resonator. The fixed phase
relationship of an MLL occurs due to the energy exchange between comb lines from the comb gen-
erating element. MLLs come in three variants: active mode-locking (AML), passive mode-locking
(PML), and hybrid mode-locking (HML). Typically, passively mode-locked lasers have been self-
referenced due to superior pulse properties. Since we are mainly interested in high repetition rate
(>10 GHz) self-referenced optical frequency combs in the telecommunications window, we will

keep our discussion brief.

It is important to note that the combline spacing in a mode-locked laser (MLL) is an integer multi-

ple of the FSR. Integers greater than 1 for a MLL are called harmonic mode-locked lasers and have



been shown to be noisy & unstable. MLLs with FSR = f,,;, are known as fundamentally mode-
locked lasers and are significantly more stable than their harmonic counterparts. For applications
that require high repetition rates of at least 10 GHz (such as photonic assisted ADC’s and astronom-
ical spectroscopy), the cavity length must be kept below 15 mm (assuming free space). In addition,
PML requires nonlinearity for pulse formation to occur. Nonlinearity requires sufficient pulse en-
ergies to be available. Pulse energy is inversely proportional to repetition rate (E), ~ Puy/ frep. This
means that higher repetition rate MLL not only require a smaller size cavity but also require even

higher average powers to support pulse formation.

Fiber based mode-locked lasers

Mode-locked lasers using fibers doped with Erbium have been demonstrated with great success.
Erbium can provide optical gain when optically pumped inside the fiber. This in combination with
the low propagation loss of optical fiber (SMF28 o = .2dB/km @ 1550 nm) allows for a simplistic
design of a laser. There are many examples of fiber mode-locked lasers (FMLL) that have achieved
short pulses (<100 fs), low timing jitter, and carrier-envelope phase stabilization [18]. FMLL have
demonstrated both active and passive mode-locking. However, PML is more common due to the
long lifetime of the gain medium, resulting in ease of mode-locking with a saturable absorber.
Common examples of passively mode-locked FMLL consist of using fast saturable absorbers such
as the nonlinear optical loop mirror (NOLM), nonlinear amplifying loop mirror (NALM), and non-
linear polarization rotation (NPR). Typical FMLL employing fast saturable absorbers include the
figure of eight [19] and figure of nine lasers [20] as shown in Fig. 1.3. FMLL with slow saturable
absorbers have also been employed [21] & [22]. Typically, FMLL employing slow saturable ab-
sorbers can reach higher repetition rates due to the significantly lower saturation fluence compared

to fast saturable absorbers (for the same length).



Figure 1.3: Passive mode-locking in a FMLL using a NALM (a) figure-of-eight laser (b) figure-of-
nine laser

Passive FMLL employing the above fast saturable absorbers have demonstrated carrier-envelope
phase stabilization due to their ability to generate high peak powers and short pulses. FMLL have
attained ultralow noise operation through various schemes such as pump feedback control [23],

dispersion management [ 18], and intracavity filtering [24] to name a couple.

Despite their high performance and simplistic design, FMLL generally have low f., (20 MHz to
1 GHz) due to the long lengths of fiber required to build the laser cavity. To circumvent this lim-
itation, sometimes FMLL operate on a harmonic of the repetition rate (harmonic mode-locking).
However, harmonic mode-locking alone gives rise to an increase in timing jitter as well as instabili-
ties. Typically, harmonic mode-locked lasers display super-mode spurs which are noise spikes that
appear in the photodetected pulse train. These spurs are a result of the uncorrelated noise between
the multiple pulses circulating inside the cavity. Various methods have been employed for super-

mode suppression utilizing injection-locking [25], intra-cavity filters [26], and other methods [27].

Semiconductor based mode-locked lasers

Semiconductor MLL (SCMLL) are an attractive option for generating optical frequency combs be-
cause of their small footprint, low cost, simplicity in pumping, and their efficiency. Since SCMLL

can be made much smaller than other lasers, they can easily achieve repetition rates of 10 GHz
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Figure 1.4: A schematic of an external cavity HML SCMLL where SA: saturable absorber, PBS:
polarization beam splitter, SOA: semiconductor optical amplifier, Dispersion 1 and Dispersion 2
are dual grating compressors

and above. Semiconductors are capable of operating at various wavelengths through bandgap en-
gineering. Unlike Erbium, semiconductors typically have a short upper state lifetime (ns-ps). As a
result, they tend to have low pulse energies and longer pulse durations. These characteristics make
it difficult to self-reference even with external amplification and broadening. However, SCMLL

have demonstrated short pulse operation (fs) [28,29], high peak power [30], and low noise [31].

Femtosecond pulses from SCMLL typically use an external cavity, a saturable absorber, and some
form of dispersion compensation as shown in Fig. 1.4. External cavity operation is used to better
control the laser operation and dispersion compensation is used to circumvent the nonlinear effects
in semiconductor gain medium. Due to the low pulse energies available from semiconductors as a
result of the short upper state lifetime, a slow saturable absorber with low saturation fluence must
be used for PML or HML operation. At the same time, to reduce detrimental nonlinear effects in
the gain medium, pulse stretching before the gain medium is required. Saturable absorbers such
as multiple quantum well saturable absorbers [32] as well as a semiconductor saturable absorber
mirror (SESAM) [33] have been used for SCMLL. Similarly, high peak power SCMLL use con-
cepts such as an external cavity, saturable absorber, and dispersion compensation. External cavity
SCMLL can also achieve high repetition rates if they use a nested cavity approach [34]. This entails

using a Fabry-Perot etalon as a comb filter to suppress the low repetition rate fundamental cavity.
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Figure 1.5: Schematic of a fully integrated SCMLL with a saturable absorber and metal pads to
enable HML. Where SA: saturable absorber.

To date, an electrically pumped SCMLL has not been self-referenced through f-2f interferometry.
The carrier-envelope-offset frequency for an electrically pumped SCMLL has been measured by

interfering a stabilized comb source and measuring the beat signal [35].

Although a fully integrated SCMLL with a stabilized carrier envelope phase (such as Fig. 1.5) [36]
has not been demonstrated yet, a self-referenced SCMLL based on the optically pumped vertical-
external-cavity surface-emitting lasers (OP-VECSELs) has been shown [37]. Unlike the previ-
ously mentioned SCMLL, OP-VECSELSs are not integrated lasers, require optical pumping, and
are therefore not as energy efficient. However, OP-VECSELSs are capable of generating signifi-
cantly shorter pulses with greater pulse energies. Since their configuration is closer to an external
cavity approach, repetition rates of 10 GHz and above are difficult due to cavity size. This shows

that for self-referencing of 10 GHz mode-locked lasers is still challenging.

10



FWM:
Degenerate (1) Non-degenerate (2) 4}

11 L

1 ‘||II|I|-._
T =

Voump Frequency

Power (a.u.)

L
5

Figure 1.6: Frequency domain picture of pumping a Kerr microring resonator

Kerr-ring resonator based frequency combs

Another type of frequency comb generator that has gained prominence in recent years is the Kerr
microring resonators. A microring resonator is a small ring like structure which has an extremely
tight confinement on the order of Q 10% — 10'9 [38]. The combination of the tight confinement and
high nonlinearity when pumped with large optical powers give rise to cascaded nonlinear effects
seeded by parametric four-wave mixing. Furthermore, the ability to span wide spectra is made
possible by dispersion engineering of the cavity [39]. Typically, ring resonators are pumped with a
CW laser. Due to the tight confinement and material nonlinearity, four-wave mixing occurs where
two pump photons are converted into an up converted signal photon and a down converted idler
photon. When the generated photons match the cavity FSR, the process is enhanced and allows
for a cascaded process to occur [40]. Non-degenerate FWM takes place as well, allowing for even
further comb generation. Since the frequency components exchange energy through FWM, they all
have a well-defined phase relationship, which makes the output of the ring resonator a frequency
comb. This can be seen in Fig. 1.6, where a strong CW pump is used to seed the initial comb by
degenerate FWM. Ring resonators have demonstrated coherent octave generation without external
broadening for obtaining [41]. Compensation of fj has been done by tuning the wavelength of the

CW laser while f,., has been adjusted by thermal tuning of the cavity [42].
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While ring resonators can obtain extremely large bandwidths with relatively low input powers, they
have an extremely high f,., due to the small footprint of these devices. Their f,,, often can exceed
the bandwidth of fast photodetectors (100 GHz). The bandwidth is also tied to the f.,, which
necessitates high repetition rates to achieve an octave of bandwidth. To date, self-referenced Kerr
micro-rings operating with a repetition rate within the bandwidth of commercial photodetectors has
not been demonstrated. Since the f,., exceeds the bandwidth of available photodetectors, a more
complicated method of measuring f., was necessary. Again, optical frequency comb sources with

a repetition rate of 10 GHz to 100 GHz are difficult to come by.

Thesis Outline

Several candidate comb sources in the telecom region have been introduced. The goal of this the-
sis is to measure and stabilize the carrier-envelope-offset frequency for a comb source with comb
spacing of 10 GHz and above. However, few comb sources in the telecom range with repetition
rates between 10 GHz and 100 GHz have measured the carrier-envelope-offset frequency. This is
primarily due three factors: few viable comb sources (difficulty in reaching high repetition rates
and relatively low spectral coverage), poor spectral broadening options (stringent requirements on
coherent octave spanning supercontinuum generation), and poor pulse amplification options (lack
of low distortion and high power amplifiers). Few comb sources can be constructed with cavity
sizes of 15 mm (10 GHz spaced modes in a linear cavity). Micro-rings are capable of obtaining
high repetition rate comb sources but the comb power is extremely low, necessitating additional
amplification and supercontinuum generation. Even after generating a 10 GHz spaced comb, co-
herent octave spanning supercontinuum generation imposes difficult requirements on pulse param-
eters; sub-100 fs pulse durations with decent pulse quality and over 1 nJ of pulse energy for fiber

based supercontinuum. This entails an output average power of at least 10 W while still being able
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to support ultrashort pulses. Waveguide based supercontinuum generation imposes less stringent
requirements such as sub-200 fs pulse duration and over 200 pJ of pulse energy. However, 200 pJ
of pulse energy at a repetition rate of 10 GHz is still 2 W. Commercial pulsed optical amplifiers
typically achieve a few hundred mW as opposed to the Watt class needed. These challenges will
be addressed in the following chapters. The rest of the thesis is outlined as follows: Chapter 2
describes our 10 GHz comb source realized through a combination of an OEO and an EOM comb.
Chapter 3 describes our work for constructing an external tunable Fabry-Perot etalon for addi-
tional noise suppression. Chapter 4 details our work for conditioning the pulses from our oscillator
through saturable absorption. Chapter 5 details our work for high power amplification and pulse
compression. Chapter 6 describes our work in measuring the carrier-envelope-offset frequency
through coherent octave spanning supercontinuum generation. Chapter 7 presents our work in
measuring the carrier-envelope-offset frequency using our 10 GHz comb source. Finally, chapter

8 concludes our work and gives future directions for research.
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CHAPTER 2: GENERATION OF A LOW NOISE AND STABLE 10 GHZ
COMB SOURCE

As previously mentioned, many comb sources in the telecom wavelength have measured fy with
with f,., < 1GHz or f,., > 200GHz. However, few comb sources with repetition rates between 10
GHz - 100 GHz have measured fj. This is because mode-locked comb sources with GHz repetition
rates and above are extremely challenging due to limited pulse energies and a small cavity size. On
the other hand, micro-ring resonators operate with excessively high repetition rates. This section
will cover EOM combs in detail and discuss our work on generating a low noise 10 GHz spaced

optical frequency comb that does not require an external clock.

Construction of an EOM comb

In this section we will provide detailed background on how EOM combs work and then discuss
the components that we used for our EOM comb along with simple simulations to further explain.
As previously mentioned, a basic EOM comb consists of a CW laser, cascade of electro-optic
modulators, and an external RF source. By applying an RF signal to all of the modulators and
tuning their phases to align, comblines are generated at the repetition rate of the RF signal. The
generation of frequency components by sinusoidal modulation and the addition of spectral phase

can be seen in Eq. 2.1 & 2.2.
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Where f3 is the depth of modulation, J, is the Bessel function of order n, and @, is the modulation
frequency. Using the Jacobi-Anger expansion, we find that sinusoidal phase modulation gener-
ates frequency components separated by the modulation frequency and that the amplitude of the
components is dictated by the Bessel function. By decomposing the sinusoidal drive signal with a
Taylor series expansion, we obtain the spectral phase of the generated comblines. The result of the
sinusoidal phase modulation gives rise to even orders of spectral phase. The sign of the quadratic
spectral phase can be changed by adjusting the phase of the driving sinusoid. Typically, the ma-
jority of the spectral phase is quadratic, which can easily be compensated for using a grating pair
compressor [43] or SMF28. As previously mentioned, the number of comblines generated by an
EOM comb is determined by the V; and the power of the RF drive signal. The optical bandwidth
is determined by the number of comblines multiplied by the drive frequency. The pulse like nature
of an EOM comb comes into play when an intensity modulator is used to carve out the CW light.
Despite the simple comb formation and simplicity in pulse compression, EOM combs also exhibit
high temporal sidelobes. It is important to note that the sidelobes mentioned here are not a result
of the spectral shape. The spectral shape of an EOM comb is a rect function which entails that the
transform limited pulse is that of a sinc (which has sidelobes built in). When the quadratic spectral
phase is eliminated (whether by a grating compressor or single mode fiber), the sidelobe height
is significantly higher than that of a sinc function. The poor pulse characteristics of the EOM
comb are a result of the sinusoidal chirp impressed upon the optical carrier. Although the intensity
modulator effectively acts as a 50% duty cycle gate, there is still a significant portion of higher
order polynomial terms in the phase that are not extinguished. As a result, temporal sidelobes are
apparent when compensating for only linear chirp for compressing the EOM comb pulses. This

effect will be further explained with simulations later in this chapter. Next, we will discuss the
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individual components in detail.

CW laser

The CW laser acts as the seed source for the EOM comb. For simulation purposes, one can rep-
resent the CW laser as a delta function centered at a particular frequency with some power. In
practice, the side mode suppression ratio, output power, spectral width, and the wavelength of the
laser are important. The side mode suppression ratio gives the effective optical signal to noise ratio
(OSNR) of the laser. The output power, spectral width, and wavelength of the laser are self ex-
planatory. Without optical filtering, the OSNR of the EOM comb is limited by the CW laser. Every
additional component after the laser that is not a filter will serve to reduce the OSNR of the comb.
In our experiment, the side mode suppression ratio of our laser is 50 dB, center wavelength of
1550 nm, linewidth of 7 Hz, and output power of 20 mW. Additional important factors and options
with the laser are the optical frequency fluctuation, the linewidth, a fast-tuning PZT option, and
the bandwidth of the PZT. The frequency fluctuation is directly linked to fj fluctuations. Selecting
a laser with low drift would significantly simplify locking fy. Unfortunately, laser manufacturers
do not spec the optical frequency fluctuation of a laser and therefore this parameter can only be
selected based off of experience. In our experiments, we use a CW laser that consists of a semi-
conductor gain medium that is self-injection locked to a high Q whispering gallery mode resonator
(WGMR) made by OEwaves. We have found that this type of CW laser offers extremely low opti-
cal frequency fluctuation compared to other options. Other types of lasers include, external cavity
tunable semiconductor laser, DFB lasers, and fiber lasers. Although these other lasers can be used
to generate an EOM comb, we have found that their inherent optical frequency fluctuations are
significantly wider (in frequency extent) and faster than the OEwaves laser. Even when a laser has
an integrated piezo for quickly sweeping the laser frequency, we have found that their natural fre-

quency fluctuation is fast faster than the bandwidth of the piezo. This gives rise to an issue where
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the inherent frequency fluctuations of the laser cannot easily be overcome through modulation of
the laser cavity. This issue will be further discussed later on in this chapter. It is suffice to say that
our EOM comb OSNR is limited to a maximum of 50 dB without optical filtering due to the side

mode suppression ratio.

Electro-optic modulation

The practical parameters of interest in an electro-optic modulator (both phase and amplitude) are:
the Vy, insertion loss, RF bandwidth, RF power handling, and optical power handling capabilities.
The V; dictates how much RF power is needed to change the optical carrier phase by 7 radians.
As previously mentioned, the insertion loss is important because it dictates the OSNR reduction
of the comb after passing through each modulator. The rest of the parameters are self-explanatory.
The main goal associated with the modulators is to generate as many comblines as possible with as
much spacing as possible. This is accomplished by 1) selecting phase modulators with the lowest
Vr, 2) driving the modulators at as high an RF frequency as possible (dictated by availability of
components), and 3) driving the modulators with as much RF power as possible. The expression
that relates these parameters together for phase modulation is shown in Eq. 2.3. Where V,, is the
amplitude of the RF drive signal, f,, is the frequency of the RF drive signal, ¢ is the phase of the

RF drive signal, and V7 is the amplitude required to produce a 7 phase shift.

. Veocos(2feot+¢)

Epy = Epe’™ V& (2.3)

Assuming a noiseless external RF source with 3 W RF power into each phase modulator and
Vr =4V at 10 GHz, we simulate an EOM comb with four electro-optic phase modulators and

one intensity modulator (with 20 dBm of RF power). The normalized spectral intensity, temporal
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Figure 2.1: Simulated EOM comb consisting of four phase modulators (assuming V; = 4V) using
a noiseless external RF source with 3 W RF power into each phase modulator showing the a)
normalized spectral intensity and b) the temporal waveform

waveform, and optical phase after each modulator can be seen in Fig. 2.1.

From Fig. 2.1a, we observe the shape of the optical spectrum to be relatively flat in the center
and large spectral oscillations on the edges of the spectrum. The spectrum also sharply rolls off
after the spectral oscillations. The temporal waveform in Fig. 2.1b simply shows a sinusoid. It is
important to note that we assumed the phase of the driving signal entering each modulator had the
exact same phase. In practice, one would require RF phase shifters to ensure that the phases are
aligned to constructively interfere. If the phases of each RF signal entering each modulator are 7
out of phase, each generated combline would destructively interfere. This would cancel out any

generated comblines and reduce the generated optical bandwidth.

Compressed pulses

From the preceding simulations shown in Fig. 2.1, we observe a significant amount of chirp on the
optical spectrum. By reducing the chirp, it is possible to compress the pulse. As mentioned before,

the majority of the chirp in an EOM comb is linear. By applying a strong linear chirp (using 250
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Figure 2.2: Simulated EOM comb consisting of four phase modulators (assuming V; = 4V) using
a noiseless external RF source with 3 W of RF into the phase modulators power showing the a)
pulse profile after linear chirp (blue) with the transform limited pulse (red), b) the autocorrelation
of the pulse profile after linear chirp (blue) with the transform limited autocorrelation of the pulse
(red).

m of SMF28 equivalent dispersion), we observe a significant reduction in the pulse duration. The
simulated pulse intensity profile after the linear chirp is applied is shown in Fig. 2.2a while the

intensity autocorrelation is shown in Fig. 2.2b.

We find that the pulse full width at half maximum (FWHM) is close to the transform limit after
compensating for the linear chirp. However, we observe the sidelobe level to be much higher in
the compressed version compared to the transform limit of the pulse. The transform limited EOM
comb pulse exhibits sidelobes due to the square like spectrum, but the compressed pulse’s sidelobe
height is at least 2x higher. The asymmetry in the sidelobe height is due to the third order dispersion
of the simulated fiber. The increased sidelobe height manifests itself in the autocorrelation trace as
a pulse riding on a background. From our previous analysis of the phase in an EOM comb and the
literature [13], we find that the heightened sidelobes are a result of uncompensated higher order
dispersion terms. This structure within the pulse is another common issue in EOM combs that will

be further discussed. The key takeaway is that although the majority of the EOM chirp is linear,
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the remainder of the chirp imposes pulse sidelobes. These sidelobes reduce the peak power of the

pulse.

External RF source

At this point, we have mentioned the optical portion of an EOM comb such as the laser and the
modulators. Although we have mentioned the OSNR of the comb and what are it’s limitations,
we have not yet mentioned the noise characteristics of each generated combline. For simulations,
typically the linewidth and RF noise information is ignored because it would require significant
computational resources to simultaneously observe Hz resolution noise processes for THz band-
widths. Instead, we focus on the phase noise of each combline by using pre-measured RF phase
noise data from a synthesizer. With the known RF phase noise data, we use known noise relations
that relate the RF phase noise to each combline. Typically, the external RF signal used in an EOM
comb is an RF synthesizer. This is because the output RF frequency and amplitude can be easily
adjusted for any application. An RF synthesizer consists of several low noise reference oscillators,
phase-locked loops, a YIG oscillator and many more. A comprehensive discussion on the design
of RF synthesizers can be found in [44]. For our purposes, we are generally more interested in the

phase noise of the external RF source. A sample plot of the phase noise can be seen in Fig. 2.3.

Fig. 2.3 shows a sample phase noise plot for an output frequency of 10 GHz using an Agilent
E8257D RF synthesizer. The plot is broken up into four distinct sections: reference section, syn-
thesizer section, YIG oscillator, and output section. The reference section starts off at a high phase
noise and trends downwards from an offset frequency of 1 Hz to 1 kHz. The synthesizer section
from 1 kHz to about 100 kHz shows a plateau effect at a phase noise of —115 d,%. The YIG os-
cillator section starts at about 100 kHz and ends at a few MHz and trends downwards again to a

final value of about —155‘%6. Finally, the output section of the phase noise, starting from a few
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Figure 2.3: Sample 10 GHz RF synthesizer phase noise breakdown, taken from "Keysight Tech-
nologies Solutions for Reducing Phase Noise at RF and Microwave Frequencies Application Note".

MHz to 100 MHz, is relatively flat again at a phase noise of about —160%. This reveals to us
that the phase noise profile of an RF synthesizer is far from being a perfect delta function in the
frequency domain. For low noise operation, it is critical to use an RF source with the lowest phase

noise possible. Unfortunately, low noise and high frequency RF sources are extremely expensive.

The noise trend with respect to combline number in an EOM comb also multiplies up quadratically.
The noise of each combline is determined by the addition of the optical linewidth of the CW laser
with the combline number times the RF source phase noise. Eq. 2.4 gives the phase of each
combline in an EOM comb, where 6,, is the phase of the combline, 6y, is the phase of the CW
laser, m is the mode number, and Ogr is the phase of the RF source. To obtain the phase noise, one
must convert the phase fluctuation to power. This conversion gives rise to the quadratic nature of

the noise multiplication.
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0,, = 61, + mOgp (2.4)

From this discussion, the noise of each combline in an EOM comb can be determined by knowing
the phase noise of the CW laser, the combline number of the EOM comb, and the phase noise of
the external RF source. RF Amplifiers simply add phase noise depending on the noise figure of the
amplifier. Clearly, the noise of a broadband EOM comb is of significant concern. In our simulated
EOM comb, we generate over 100 comblines (50 on each side of the CW laser). Therefore, the
phase noise of the comblines on the end of the spectrum are roughly (20/0g1950 ~ 34dB) 34 dB
higher than the phase noise of the external RF signal. For an octave of bandwidth (~ 200 THz), this

implies a phase noise increase of 20[0&021%05151; = 86 dB! The increase in phase noise broadens

the optical linewidth of the comblines on the edges of the spectrum. This linewidth broadening has

been shown to obscure the fj beat note [45], [14].

EOM comb experiment

As previously mentioned, an EOM comb is a flexible comb source with fy and f., being com-
pletely tunable. However, the advantages that EOM combs present are not useful in measuring fo.
In fact, EOM combs are at a significant disadvantage for measuring f; because of the following
properties: 1) excessive noise (optical and RF) due to the lack of a filtering cavity, 2) relatively
long pulse durations, and 3) poor pulse quality. Throughout this work, we will explain and address

each of these issues.

Fig. 2.4a shows a schematic of an EOM comb. The system starts with a CW laser centered at 1550
nm that is frequency locked to a 100k finesse etalon (free spectral range: ~ 1.5 GHz, FWHM=~ 15

kHz) by PDH (this will further be discussed in the next section). The frequency locked CW laser is
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Figure 2.4: a) Schematic of an EOM comb using 2 phase modulators and one intensity modulator
driven by a common RF synthesizer at 12 GHz. PDH: Pound-Drever-Hall locking, PC: polarization
controller, PM: phase modulator, MZM: intensity modulator, PS: RF phase shifter, RF Amps:
RF amplifiers, Finisar Waveshaper: Liquid Crystal on Silicon pulse-shaper. b) Measured optical
spectrum, ¢) Measured intensity autocorrelation

then modulated by two electro-optic phase modulators and one electro-optic intensity modulator.
The modulators are driven by a common RF synthesizer at 12 GHz. The RF amplifiers amplify the
synthesizer signal to 3 W while the RF phase shifters are used to ensure the phase of the generated
comblines constructively interfere for maximum optical bandwidth. The finisar waveshaper is used
as a tunable dispersive delay line where only quadratic spectral phase is applied. Fig. 2.4b,c show
the measured optical spectrum and nearly compressed intensity autocorrelation trace of the EOM
comb. The EOM comb exhibits ~ 50 comblines within a 10 dB deviation that are spaced 12 GHz
apart and an OSNR ~35 dB. The optical spectrum in the center portion is relatively flat while
the edges of the spectrum exhibit "ears’. The compressed intensity autocorrelation also exhibits a
temporal pedestal. The ’ears’ on the optical spectrum and the temporal pedestal are a result of the
sinusoidal modulation, which gives rise to higher order dispersion components. The higher orders
of dispersion give rise to the large pedestal. Exotic dispersion management techniques are required

to reduce the pedestal.
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We have also constructed an EOM comb consisting of four phase modulators and one intensity
modulator driven by a common RF synthesizer at ~ 10.5 GHz. This is shown in Fig. 2.5a while
the diagnostic traces are shown in Fig. 2.5b & c. We observe similar spectral features on the
optical spectrum with a much greater spectral extent (from 50 to at least 100 comblines). This
is due to the usage of four high RF power handling phase modulators as opposed to two. We
also observe similar temporal features in the autocorrelation with the presence of sidelobes being
apparent when only second order dispersion is applied. From this, we observe that each phase
modulator provides ~ 25 comblines. To reach and octave of bandwidth using only electro-optic
modulation at a repetition rate of 10 GHz, we would need 800 phase modulators! If we were
to instead seek enough bandwidth to support 300 fs pulses, we would need 8 phase modulators.
It is important to note that each phase modulator costed us ~ $5k while each RF amplifier we
used costed us ~ $2.1k (mini-circuits ZVE-3W-183+). If we obtained higher power RF amplifiers
(Pasternack PE15A5049: ~ $10k), operated at higher repetition rates, or used even lower V; phase
modulators, we could reduce the number of phase modulators needed. Unfortunately, we are still

looking at ~ $7k minimum to generate an additional 25 comblines.

From the previously mentioned data, we observe the OSNR of the EOM comb is limited due to
the lack of a filtering cavity. Improvements to the typical EOM comb must be made to allow for
a coherent octave through supercontinuum generation. To improve the noise performance of the

EOM comb, we resort to optical filtering using an optical cavity.

Pound-Drever-Hall locking

From the previous discussion regarding CW lasers, EOM combs not only exhibit a low OSNR
but also random frequency translations of the entire comb. This is caused by the frequency drift

of the CW laser. The frequency translation of the entire comb manifests itself as a change in fy.
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Figure 2.5: a) Experimental schematic of an EOM comb using four phase modulators and one
intensity modulator driven by a common RF synthesizer at 10.5 GHz. PC: polarization controller,
PM: phase modulator, MZM: intensity modulator, PS: RF phase shifter, AOM: acousto-optic
modulator, VCO: voltage controlled oscillator, PID: proportional-integral-derivative controller. b)
Measured optical spectrum, c) Measured compressed intensity autocorrelation

Depending on the laser, this could be an issue. One solution is to lock the CW laser frequency to
a secondary reference (such as a Fabry-Perot etalon) and then use an additional single sideband
suppressed carrier modulator. As of right now, ultra-stable etalons have been made by utilizing
ultra-low expansion quartz as a spacer. Fig. 2.6 shows the transmission, reflection, and reflected
phase profile of a Fabry-Perot etalon. Fig. 2.6a shows the reflection and transmission power of
the etalon over multiple resonances while fig. 2.6b shows the transmitted and reflected power of a
single etalon resonance. Finally fig. 2.6c shows the transmitted power and reflected phase profile

of a single resonance.

Pound-Drever-Hall (PDH) laser stabilization is a common technique in which a CW laser fre-
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Figure 2.6: a) Transmission response of an etalon with respect to optical frequency, b) transmission
and reflection profile of a single etalon resonance, c) reflected phase profile of a single etalon
resonance.

quency is stabilized to a reference cavity [46,47]. The technique utilizes the reflected phase pro-
file of an etalon to lock the CW laser frequency to the center of the passband. This is done by
phase modulating the CW laser to produce sidebands that have opposing phase to each other. By
sweeping the CW laser and sidebands across a resonance, the reflected light acquires a phase shift
depending on the spectral location of each component of the light. From Fig. 2.6c, if the CW laser
frequency is at the center of the resonance, the sidebands will cancel each other when photode-
tected. When the CW laser sweeps the passband of a resonance with a large modulation frequency,
an error signal is produced which can be seen in Fig. 2.7. By decreasing the span of the frequency
sweep, the center portion of the error signal is magnified. This results in a nearly linear error signal
which can be compensated for with a simple PID lock. This allows for the CW laser frequency to

be locked to the passband of an FPE. This is assuming the frequency sweep of the laser dominates
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Figure 2.7: PDH error signal when a phase modulated CW laser sweeps across an etalon resonance.

over the laser’s natural frequency drift, hence the previous discussion on selecting a low drift CW
laser. It is important to note that the sidebands can be placed far from the carrier, allowing for

higher suppression of the sidebands on the throughput of the etalon.

By locking the CW laser frequency to an etalon resonance, the extent of the frequency fluctua-
tions has been significantly diminished. This results in a significant reduction in the laser phase
noise. However, the CW laser frequency will still fluctuate within the passband of the etalon. This
combined with the fact that a single etalon resonance has a non-flat transfer function contributes to

amplitude noise.

In our experiments, we typically lock our ultra-narrow linewidth and frequency stable CW laser to
an ultra-stable FP etalon with a finesse of 100,000 (FSR = 1.5 GHz and FWHM = 15 kHz). The
setup used to perform PDH locking is shown in Fig. 2.8. The acousto-optic modulator (AOM) is
used to quickly sweep the laser frequency and a separate analog proportional-integral-derivative
controller (PID) is used to tune the laser frequency close to an etalon resonance. The phase mod-
ulator is used to imprint sidebands for the lock while the circulator is used to retrieve the reflected

signal. In our PDH laser stabilization setup, we use one feedback loop using the AOM to quickly
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Figure 2.8: Schematic for locking a CW laser to a 100k finesse etalon through PDH. AOM:
acousto-optic modulator, PM: phase modulator, FPE: Fabry-Perot etalon, ISO: fiber pigtailed isola-
tor, VCO: voltage-controlled oscillator, PID: proportional-integral-derivative controller, LPF: low
pass filter, PD: photodiode, RF Amp: RF amplifier, RF Synth: RF synthesizer.

tune the laser frequency to account for fast fluctuations in the laser frequency. A secondary feed-
back loop can be employed if the laser has a built in piezo for tuning the frequency. It is important
to note that AOMs are a resonant device and exhibit high insertion loss when driven at frequencies
offset from the resonant frequency. This gives rise to an unwanted change in power with respect
to drive frequency. When locking the laser to the etalon using the AOM, it is common to observe

frequency fluctuations of 10 MHz over the span of a couple hours.

With this in mind, we have significantly reduced the frequency fluctuations of our CW laser (and
consequently, the fy drift of our future comb source). We have also increased the OSNR of the

CW laser. The next section will discuss filtering noise between comblines in an EOM comb.

Modified Pound-Drever-Hall locking using a tunable etalon

In the previous section, it was mentioned that the OSNR of an EOM comb is limited by the lack
of a filtering cavity. Optical filtering with a bandpass filter would indeed increase the OSNR of
the comb, but the noise in between the comblines would still be present. This issue would be

obscured when using a normal OSA, but would be revealed when performing a heterodyne beat
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measurement with sufficient resolution. The result of noise in between comblines consists of added
noise (amplitude and phase) within the optical pulse train. An ideal filter for a comb source would
be something that can filter the noise in between comblines. A Fabry-Perot etalon would be an
ideal type of filter if the resonances and the EOM comblines were to perfectly match (both fy &
frep. However, all lasers have an inherent frequency drift. For a Fabry-Perot etalon to properly
filter an EOM comb, the comblines must lie within the passband of the etalon. The filtering effect
would not work if the comb were to drift outside of the filter passband. Pound-Drever-Hall locking
has just been introduced as a method for locking a CW laser to an FPE. However, our goal requires
us to not only stabilize the comb but also to filter the noise in between the comblines. An alternative
option is to design an FPE with an FSR equal to fj.,. In this section, we discuss using a poorly built
tunable Fabry-Perot etalon to filter the noise between comblines in an EOM comb. A schematic of

this experiment can be seen in Fig. 2.9 and associated residual phase noise data in Fig. 2.10.
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Figure 2.9: Schematic for measuring residual phase noise before and after a haphazardly built tun-
able etalon. EOM: cascade of electro-optic modulators, SOA: semiconductor optical amplifier, PS:
RF phase shifter, ATT: RF variable attenuator, PDH:-Pound-Drever-Hall locking, EDFA: erbium
doped fiber amplifier, WS: Finisar waveshaper, RFSA: RF spectrum analyzer, Phase Noise test set:
HP carrier noise test set for measuring phase noise.

In Fig. 2.9, a CW laser is locked to a 100k finesse etalon by PDH, then modulated at 10 GHz to
produce an EOM comb. An RF synthesizer is used to simultaneously drive an EOM comb and
the reference branch of a carrier noise test set. The residual phase noise of the EOM comb before

after the tunable etalon was measured by photodetecting the light, and amplifying it prior to the
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Figure 2.10: Residual phase noise measurement (blue) before locking tunable etalon to EOM
comb, (red) after locking tunable etalon to EOM comb, (black) noise floor dictated by phase noise
of synthesizer and amplifier

input port of the carrier noise test set. The residual phase noise measurement was used to test the
change in phase noise after each component such as RF amplifier, EOM comb, and tunable etalon.
It can be seen in Fig. 2.10 that the phase noise increases after passing through the tunable etalon
at lower frequency offsets. Not shown here, we also measured the residual phase noise of an EOM
comb seeded by a free-running CW laser. We observed the phase noise before the tunable etalon
to be similar to the PDH locked CW laser based EOM comb before the tunable etalon. We also
observed a significant increase in phase noise when the EOM comb seeded by the free-running
CW laser was sent through the tunable etalon. We attribute this effect to issues regarding the build

quality of the tunable etalon [48]. First, a tunable etalon is subject to environmental disturbances.
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Environmental disturbances such as air currents, temperature fluctuations, and vibrations at the
base cause the resonances to fluctuate. These fluctuations cause rapid changes in both the cavity
spacing and the position of each individual resonance with respect to the next. This gives rise to
noise coupling between frep and fceo. In addition, the piezo-electric material has a finite response
time. This means that if the frequency fluctuations of the comb source are too quick for the etalon
to respond, the comb source would experience a random phase shift in time due to the motion
of the tunable etalon. The random fluctuations cause the passband of the etalon to modulate the
incoming pulse train in both amplitude and phase. The modulation occurs because the amplitude
and phase response of the etalon are not flat with respect to frequency. We also later discovered
that the front mirror was not glued to the piezeo! This means that as the piezo was pushing the
front mirror forward, there was no way for it to retract! The etalon was essentially free-running
with respect to the pulse train. The idea of the etalon was to reduce noise! However, we observe
an increase in noise because of the etalon construction. All of these things together are an issue
for coherent octave spanning supercontinuum generation. Significant effort is required to reduce
additional noise from the tunable etalon. This motivates us to find a different method for filtering
the noise in our EOM comb. A common option for building extremely stable etalons is to instead
use Ultra-Low-Expansion (ULE) quartz spacers instead of mounting the mirrors on optical mounts.

Tunable Fabry-Perot etalons will be further discussed in a later chapter.

Pound-Drever-Hall locking on an EOM comb

In the previous section, we discussed how using a haphazardly built tunable etalon could result
in an increase in phase noise close to the carrier; creating issues in generating low noise EOM
comb sources. However, we still need a method to filter the noise in between comblines in our

EOM comb. Last but not least, amplitude fluctuations caused by the AOM are still an issue for
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Filtered comb
output

Figure 2.11: Architecture for generating filtered EOM combs via PDH locking of the EOM comb
to a 100k finesse etalon. AOM: acousto-optic modulator, ISO: fiber pigtailed isolator, PC: polar-
ization controller, SOA: semiconductor optical amplifier, PM: phase modulator, MZM: intensity
modulator, EDFA: Erbium doped fiber amplifier, FPE: 100k finesse Fabry-Perot etalon, VCO: volt-
age controlled oscillator, RF Amps: RF amplifiers, PS: RF phase shifter, Att: optical attenuator,
LPF: low pass filter, PID: proportional-integral-derivative controller.

generating low noise combs. In this section, we present an alternative method to producing filtered
and stabilized EOM combs. Fig. 2.11 shows the architecture we use to produce locked and filtered

EOM combs [49].

The operation of Fig. 2.11 is like the EOM comb in the previous chapter. First, the EOM comb
is generated by applying a ~ 12 GHz RF signal. The anti-phase symmetric sidebands required for
PDH locking are impressed upon all of the comblines. The synthesizer frequency is then adjusted
to match an integer multiple of the cavity FSR. The comb is then locked to the PDH locked to the
etalon, allowing for each combline to be simultaneously locked and filtered to the etalon. Optical
amplifiers in between are used to compensate for losses and to eliminate for power fluctuations due
to various components such as the AOM or intensity modulator. The EOM comb is first generated
before completing the PDH loop. The advantages to this approach are that each comb line will
be simultaneously filtered and stabilized by the FPE. As mentioned before, the FPE uses ULE
quartz spacers and features a finesse of 100k, 15 kHz passband, and a 1.5 GHz FSR. The filtering

capabilities should provide for a —20dB/dec slope on the phase noise plot starting at 15 kHz. The
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Figure 2.12: Transmission response of a single resonance of the 100k finesse etalon in dB scale.
100k finesse etalon specs: 100k finesse, ~ 1.5 GHz FSR, FWHM: ~ 15 kHz.

transmission of a single resonance of the 100k finesse etalon is shown in Fig. 2.12. Each combline
should be placed at the center of the passband with minimal attenuation as long as the cavity FSR

and f), drift sufficiently slowly with respect to each other.

This technique requires that the etalon FSR must be known to as many digits of precision as pos-
sible. The etalon FSR was measured using a modified PDH technique of adjusting the frequency
of the PM sidebands used to sweep the cavity resonance. This ensures that the output power of the
system remains constant, despite the AOMs frequency response. Optical spectrum, RF spectrum,

and intensity autocorrelation measurements are shown in Fig. 2.13.

From Fig. 2.13a, the optical spectrum’s OSNR is shown to increase by at least a factor of at least
20 dB. The enhancement in the OSNR demonstrates the feasibility of this technique to improve the
noise performance of EOM combs. The RF spectrum shown in Fig. 2.13b also exhibits an SNR >

60 dB. The intensity autocorrelation in Fig. 2.13c was measured using an SHG autocorrelator. The
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Figure 2.13: Diagnostic traces of PDH locked EOM comb employing two phase modulators and
one intensity modulator: a) Optical spectrum before etalon (black) and after etalon (red), b) pho-
todetected RF beat note after the etalon, c¢) intensity autocorrelation externally compressed and
measured after the etalon.

compressed pulses again exhibit temporal sidelobes characteristic of EOM combs. Although this
approach solves the issue of filtering noise in between comblines, there is still an issue of ensuring
the RF drive frequency matches the FPE FSR to Hz level precision. Depsite being extremely stable
to thermal fluctuations, ULE quartz still ages over time. This gives rise to a small change in the
FSR of the cavity with respect to the RF synthesizer’s clock. Ideally, we would like to replace the
RF synthesizer with a lower noise RF source, continuously filter the EOM comb, and eliminate the

drift of the etalon FSR with respect to an external RF source.

Optoelectronic Oscillators

OEOs are a photonic-electronic oscillator that uses an optical and an RF cavity together to generate
an RF signal. An OEO consists of a CW laser, electro-optic intensity modulator, photodetector, RF
amplifier, and some type of high Q element such as a filter [SO]. OEO’s have become an alternative
method to generating higher frequency RF oscillator signals and are still being investigated today.
OEQ’s can oscillate at high electrical frequencies (up to 70 GHz) without as much degradation in

the quality of the signal compared to purely electrical means of generating high frequency signals.
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Figure 2.14: Schematic representation of a basic OEO using optical fiber as the high Q optical
cavity and an RF filter as a high Q electronic cavity.

The oscillation frequency and noise properties mainly depend on the high Q element. The most
basic OEO uses a long length of SMF28 for the high Q cavity and a RF bandpass filter (BPF) to
select the oscillating frequency. The Q of an optical fiber delay is ~ 27 ft, where f is the OEO
oscillation frequency and 7 is the round trip time [51]. Although the Q of the delay line can be
made extremely high, the frequency spacing of the oscillation modes is inversely proportional to
the length. Longer lengths of fiber yields higher Q’s but narrower frequency spacing of the modes.
This requires the use of extremely high Q RF filters to suppress adjacent oscillating modes for

steady operation. A sample schematic of a simple OEO can be found in Fig. 2.14.

Many improvements on their noise performance have been thoroughly investigated [52—-54]. Some
approaches have used multiloop OEO where two different loops of SMF28 of different lengths are
used so that the peaks of each fiber loop are cancelled by the nulls of the other one. However, a
drawback is that the effective Q of the multiloop OEO is an average of the two loops, resulting in
suboptimal performance. Another approach is to combine the multiloop approach with injection

locking, which can circumvent the issue of the Q averaging effect.
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Photonically filtered opto-electronic oscillators

An alternative method to circumvent the challenges with RF filtering (passband width and high
extinction) is to use an optical filter such as a Fabry-Perot etalon (FPE) or whispering gallery mode
(WGM) resonator [55] and [56]. The optical resonator provides transmission peaks that filter the
optical noise from the previous components such as amplifiers and the CW laser. Photodetection
of the transmission peaks gives rise to RF beat notes commensurate with the FSR of the cavity.
The RF beat notes can then be fed back to the modulator to form an OEO feedback loop. The
benefit to using an optical filter compared to long lengths of fiber are 1) a lack of noise spurs in
the OEO RF tone and 2) improved RF and environmental stability. Schematically, the difference

between an RF filtered OEO and a photonically filtered OEO can be seen in Fig. 2.15.

Fig. 2.15 shows the difference between an RF filtered OEO and a photonically filtered OEO. In
Fig. 2.15b, several RF modes are shown oscillating while the RF filter is used to sustain a single
RF mode. To sustainably oscillate, the RF filter must have a sufficiently narrow passband and a
sufficiently high rejection of the adjacent modes. In contrast, the photonically filtered OEO, shown
in Fig. 2.15¢, optically filters the light and then photodetects the filtered light. This gives rise to a
comb filtered optical spectrum, shown in Fig. 2.15d, where light only oscillates within the trans-
mission peaks of the filter and is rejected outside of the filter passband. This gives rise to farther
spaced RF modes in the RF frequency domain (shown in Fig. 2.15e. FPE’s and WGMR can easily
be made with extremely large mode spacings (30 GHz) and high Q’s (10'°). In addition, FPE’s
can employ Ultra-low expansion (ULE) quartz as a spacer between the mirror cavities and have
significantly less nonlinearity compared to fiber. The use of ULE quartz as a spacer significantly

enhances both the thermal and vibrational stability of the cavity.

Although photonically filtered OEO’s can easily achieve greater frequency stability compared to

their RF filtered counterpart, significantly less research has been done on low noise photonically
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Figure 2.15: a) Schematic diagram of an RF filtered OEO, b) RF frequency spectrum of an RF
filtered OEO, c¢) schematic diagram of a photonically filtered OEO, d) optical spectrum of the
photonically filtered OEQO, e) RF spectrum of the photonically filtered OEO.

filtered OEO’s. This can be attributed to several issues including: coupling into the optical cavity,
ensuring the laser stays within the passband of the cavity, and the cost of a high Q cavity. Coupling
into an optical cavity requires spatial mode matching which requires the use of free space optics
and is not easily portable. Fiber coupled FPE enclosures can be purchased but are still expensive.
A significant technical issue is ensuring the laser frequency does not drift out of the passband of

the cavity. This typically requires using a phase locked loop to lock the laser to the cavity. We
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typically employ PDH locking to ensure the CW laser frequency stays locked to a single resonance

of the FPE.

For our purposes, a photonically filtered OEO better suits our needs for a low noise RF signal
generator. A combined approach of using an OEO and a frequency comb generator has been
demonstrated in other works [15,55]. This allows for a cost-effective approach in generating high
repetition rate frequency combs by removing the RF source and replacing it with a high speed
photodetector. Although we mentioned that a high finesse FPE is expensive, we draw attention
to the fact that stabilizing the CW laser in an EOM comb greatly helps with reducing the drift
of fo. In this sense, we are generating the RF signal to drive the EOM comb (just by adding a
photodetector). It has also been shown that OEOs exhibit lower phase noise than RF synthesizers
at the same output frequency frequency. As previously mentioned, RF synthesizers employ a
10 MHz reference oscillator and multiply the frequency to generate the output. This results in
severe phase noise degradation as a result of the multiplication process. Unlike an RF synthesizer,
OEOs do not employ frequency multiplication and naturally oscillate at the output frequency. This

potentially allows for the OEO to produce a lower phase noise RF signal.

Optically filtered and stable electro-optic modulated comb without an external RF source

As previously mentioned, an OEO can generate an RF source that can be used to drive an EOM
comb. However, in previous works, the etalon used to complete the OEO loop was not used to its
full potential. Typically, PDH locking is employed to ensure that the CW laser stays within the
etalon resonance and forces the OEO oscillation at a single frequency. Since an OEO oscillates
at integer multiples of the FSR of the cavity, the correct modulation frequency to allow the EOM
comb lines to pass through the etalon is already being generated. When generating RF signals via

integer multiples of the FSR, an RF bandpass filter can be used to ensure oscillation at only one
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Figure 2.16: Schematic of the optically filtered OEO EOM comb employing 4 phase modulators
and 1 intensity modulator for comb generation. AOM: acousto-optic modulator; PM: phase mod-
ulator; MZM: intensity modulator; EDFA: erbium doped fiber amplifier; FPE: 100k finesse ULE
quartz spacered Fabry Perot etalon; att: adjustable attenuator; PD: photodetector; ISO: isolator;
BPF: bandpass filter; PS: phase shifter; VCO: voltage-controlled oscillator; PID: servo controller;
LPF: low pass filter

frequency. By simply moving the phase modulators in the OEO EOM comb before the etalon,
it is possible to simultaneously generate, stabilize, and filter all the comb lines. However, unlike
mode-locking, there would be no interplay between the gain medium, roundtrip time of the cavity,
and nonlinearity (saturable absorption for passive mode-locking and time gating for active mode-
locking). This allows for the OEO EOM comb to oscillate at integer multiples of the FSR without
the high noise from harmonic mode-locking (unlike traditional mode-locking) [S7]. A schematic

of the demonstrated OEO EOM comb is shown in Fig 2.16.

The OEO EOM comb schematic shown in Fig. 2.16 can be broken up into three distinct portions,
PDH locking (red), EOM comb generation (green), and the OEO loop (purple), which are outlined
in the dashed boxes. The main idea of the schematic is to first lock the CW laser to an FPE

resonance by PDH, photodetect a portion of the filtered light, and then feed the RF signal into a set
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Figure 2.17: Normalized acousto-optic modulator response with respect to input drive frequency
(black) and normalized output power response after EDFA 2 with respect to frequency (red).

of modulators placed before the etalon. Since the OEO can only oscillate at integer multiples of
the cavity FSR, the generated comblines will naturally fit inside the cavity passbands. The setup
starts with a CW laser (OEwaves4028 with optical linewidth < 7 Hz) that is frequency swept by
an acousto-optic modulator (AOM). The AOM is used to lock to an FPE resonance. An EDFA is
operated in saturation to simultaneously amplify the light up to 280 mW and dampen the amplitude
fluctuations caused by the AOM. Fig. 2.17 shows the normalized amplitude response of the AOM
with respect to VCO frequency and the normalized output response of the AOM after amplification

using the EDFA.

From Fig. 2.17, we observe significant changes in output power with respect to input frequency
after the AOM (shown in black). By operating multiple amplifiers in deep saturation after the

AOM, we observe almost no change in output power with respect to input frequency (red).

A cascade of four low V high RF power handling Lithium Niobate phase modulators and a single

intensity modulator are used to produce the EOM comb. Another phase modulator is used to pro-
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duce the anti-phase symmetric sidebands necessary for PDH locking. Another EDFA is operated
in saturation to amplify and clamp the signal to 55 mW. The FPE in this work features an ultra-low
expansion (ULE) quartz spacered etalon with a ~15 kHz passband and a ~1.5 GHz FSR. Unlike
other OEO architectures, long lengths of fiber to increase the Q of the cavity are not used. The FPE
is mounted in a chamber to reduce air current fluctuations but is not vacuum pumped nor tempera-
ture controlled. For PDH locking, the reflected phase modulated sidebands are photodetected and
mixed down to produce an error signal for frequency correcting the CW laser by the AOM. At the
output of the etalon, an additional fiber circulator is used as an isolator to prevent any back reflec-
tions from passing through the FPE. We measure an output power after the circulator of 11 dBm.
Better coupling into the cavity and fusion splicing connectors could increase the output power by

at least 3 dB.

A 50/50 coupler is used for the optical output (7 dBm) while the other output (7 dBm) is pho-
todetected for the OEO loop. Fusion splicing the circulator, coupler, and isolator would reduce
the losses by ~1 dB. The photodetector output is amplified by two RF amplifiers; one low noise
amplifier (P1dB=10 dBm) and one power amplifier (P1dB=35 dBm). The RF amplifiers are fol-
lowed by an RF isolator, a 10 MHz bandpass filter centered at 10.5 GHz, an RF phase shifter, and
a series of couplers. The bandpass filter is used to ensure the OEO can only oscillate at the 7th
harmonic of the FPE while the RF phase shifter is used to ensure a full 27 phase necessary for the
OEO oscillation of 10.5 GHz. The first coupler after the phase shifter is used to drive the intensity
modulator. An adjustable attenuator is used to ensure the intensity modulator does not exceed the
maximum RF power rating. The other end of the coupler is fed into an adjustable attenuator to
ensure the input power into the following RF amplifiers is below the maximum rating. Each phase
modulator has an RF switch, RF phase shifter, and RF power amplifier. For maximum comb band-
width generation, the phase of each RF signal driving the phase modulator is matched in phase

with the phase of the signal in the intensity modulator. The RF switch and RF phase shifter allow
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Figure 2.18: (a) Optical spectrum of the optically filtered OEO EOM comb before (black) and
after the etalon (red). (b) Optical spectrum of the OEO EOM comb after the etalon with high 2
sensitivity. (c) RF spectrum at RF output 1 (red) and RF output 2 (black) of the optically filtered
OEO EOM comb. (d) Externally compressed and measured SHG Intensity autocorrelation of
optically filtered OEO EOM comb (black), calculated transform limited pulse autocorrelation from
optical spectrum (red), and calculated transform limited pulse from optical spectrum (blue).

simple adjustment of the phase to ensure maximum comb generation. The RF amplifier connected

to each phase modulator has a P1dB=35 dBm.

OEO comb generation is initiated by connecting one end of the 50/50 coupler to the photodetector,
adjusting the RF phase, and attenuators to allow for the OEO EOM comb to oscillate. Fig 2.18
shows the optical spectrum, RF beat note (from RF output 2), and compressed intensity autocor-
relation of the OEO EOM comb. The optical spectrum before the FPE was measured using the

10% output port while the optical spectrum after the FPE was measured at the filtered EOM comb
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output port. Before the FPE, the OSNR of the comb is ~35 dB. After the FPE, the OSNR of the
comb increases by ~15 dB and is limited by the resolution and sensitivity of the OSA. The same
optical spectrum after the etalon was measured with .01 nm resolution and increased sensitivity
at the filtered EOM comb output port in Fig. 2.18b, demonstrating the generation of over 100
comblines with OSNR > 65 dB and a noise floor of -80 dBm, which is limited by the noise floor

of the OSA.

A 6 dB attenuator and 1 meter long SMA cable are used to direct the RF output 2 signal into the
RF spectrum analyzer. Back calculating the losses results in an RF output power of ~28 dBm.
The resulting RF spectrum is shown in Fig. 2.18c. The RF beat note exhibits an SNR > 90 dB at
a resolution bandwidth of 1 kHz. The RF beat note exhibits noise spurs that are offset from the
carrier in integer multiples of 7.5 kHz. Typically, a CW laser locked to an FPE by PDH would
exhibit sidebands that are commensurate with the FWHM of the etalon passband. This is because
the CW laser frequency is dithered within the passband of the FPE. The amplitude response of
the FPE is not flat within the frequency range of the laser’s fluctuation, giving rise to a amplitude
modulation sideband. We observe a spur that is 260 kHz offset from the carrier on the RF spectrum,
which only appears after comb generation is initiated. We believe this is due to the noise of the

switching power supplies that are used to drive the RF amplifiers.

At the filtered EOM comb output port, the pulse train has a 50% duty-cycle. The SHG intensity
autocorrelation was measured by using a Finisar waveshaper to apply 4.2 ps/nm dispersion and
amplifying the pulse train prior to the autocorrelator. The compressed autocorrelation trace in Fig.
2.18d shows a FWHM duration of 1.1 ps with temporal sidelobes which are common to EOM
combs compressed by second order dispersion. The sidelobes can also be reduced by applying

higher even order dispersion terms [13].

The phase noise of the 10.5 GHz signal and the Allan variance were also measured at RF output 1
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Figure 2.19: (a) Measured absolute phase noise at RF output 1 of the optically filtered OEO EOM
comb. (b) Measured fractional frequency stability at RF output 1 of the optically filtered OEO
EOM comb.

of the OEO EOM comb. The results of these measurements are shown in Fig. 2.19. We observed
~10 dB improvement in the phase noise at frequency offsets from 1 Hz to 10 kHz in Fig. 2.19a
compared to previous works of using the same etalon for an OEO. At frequency offsets of 100
kHz and above, the measurement is limited by the noise floor of the measurement system. We
attribute the improvement in phase noise to multiple factors such as: all optical amplifiers are
placed before the etalon and more power on the photodetector. We also observed an order of
magnitude improvement in the Allan variance in Fig. 2.19b. We attribute the improvement of the

Allan variance to the optically filtered comblines in that are photodetected and used for the OEO.

Opto-electronic oscillator driven electro-optic modulated comb

In the previous section, we discussed using a 100k finesse etalon to stabilize, generate, and filter
an EOM comb. We also showed results of said system. Unfortunately, the system became difficult
to work with for reasons unknown. We have noticed that the system in the previous section is

extremely sensitive to fluctuations in the intensity modulator bias as well as the length of fiber
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before the 100k finesse etalon. By increasing the length of fiber before the etalon, the PDH loop
bandwidth decreases due to the additional transit time the correction signal must take. Although the
CW laser stays locked to the cavity, the laser frequency begins to oscillate within the passband of
the etalon. This issue is further amplified by the OEO loop and EOM comb generation. When the
CW laser fluctuates within the passband of the etalon, the throughput of the etalon also experiences
the same oscillation. The photodetector in the OEO loop would then convert this oscillation into
an RF signal around the main OEO tone. The EOM comb is then driven by this noisy RF signal
and generates noisy comblines around the CW laser. Our EOM comb is capable of generating
at least 100 comblines when an RF signal is present. This means that the noisy RF tone driving
the EOM comb branch produces 100 noisy comblines. This affects the stability of the PDH lock
and forces the PDH lock to break. Future iterations of the previous system may need to shorten
the fiber lengths between components to ensure robustness on the PDH lock. Due to the issues of
robustness in the previous system, we have modified the OEO EOM comb setup such that the phase
modulators are placed after the 100k finesse etalon. Although we are unable to take advantage of
the filtering effect of the 100k finesse etalon, we can still derive a high quality RF signal through
the OEO loop. A schematic diagram of the new OEO EOM comb is shown in Fig. 2.20 with

diagnostic traces in Fig. 2.21.

This chapter has demonstrated multiple improvements to a common EOM comb in terms of cost
and performance. We have shown that a high finesse FPE can be used to simultaneously generate
and stabilize an EOM comb without an external RF oscillator. Our EOM comb produces pulses
that are compressible to under a picosecond with phase noise lower than an RF synthesizer. Al-
though these improvements do not immediately solve the issues associated with coherent octave
spanning supercontinuum generation, they provide important intermediate steps. The beginning of
this chapter started with pulses as long as 1.6 ps (autocorrelation FWHM) and ended with pulses

shorter than 1.0 ps (by use of additional phase modulators). We showed an architecture capable of
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Figure 2.20: OEO EOM comb schematic diagram with 4 phase modulators placed after the etalon.
AOM: acousto-optic modulator, EDFA: Erbium doped fiber amplifier, MZM: intensity modulator,
PM: phase modulator, FPE: Fabry-Perot etalon, Att.: attenuator, RF Amp: RF amplifier, LPF: low
pass filter, PID: proportional-integral-derivative controller, VCO: voltage controlled oscillator, RF
Amp: RF amplifier, ISO: RF isolator, BPF: RF bandpass filter center frequency of 10.486 GHz
and 10 MHz passband, PS: RF phase shifter, RF switch: RF absorptive switch.

locking and filtering fo and f;., of an EOM comb.
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Figure 2.21: Diagnostic traces of the OEO EOM comb: a) optical spectrum, b) RF spectrum
measured at the RF output, externally compressed and measured second harmonic intensity auto-

correlator.
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CHAPTER 3: OPTICAL FILTERING USING A TUNABLE ETALON

In the previous chapter, we discussed using an ultra-high finesse optical cavity as a means for gen-
erating, locking, and stabilizing a high repetition rate comb source. However, the generated optical
bandwidth is insufficient for producing ultrashort fs pulses necessary for coherent octave span-
ning supercontinuum generation. To reach pulse durations of <200 fs, additional amplification and
spectral broadening is needed. In addition to thse phase noise multiplication of newly generated
comblines, amplification adds amplified spontaneous emission (ASE) noise which has been shown
to degrade coherence in supercontinuum generation. This chapter seeks to solve the issues related

to adding ASE noise and phase noise multiplication through optical filtering.

Optical Cavity Dispersion and FSR walk-off

As previously mentioned, the spectral bandwidth of the generated comb is only on the order of 1
THz. We require at least 4.4 THz of optical bandwidth (assuming a rect function) to generate pulses
short enough in duration. To increase the generated optical bandwidth, we would need either more
phase modulators or some form of nonlinear spectral broadening. Ideally, we would like to have
all 8 THz of coherent optical bandwidth filtered by the 100k finesse etalon used for generating
our OEO signal. This would simplify the setup by eliminating the need for an external etalon.
To test the filtering capability of our 100k finesse etalon, we generate as much optical spectra as
possible and try to lock it to the etalon. In Fig. 3.1a shows the setup schematic for testing the
limits of optical filtering. This is done by first generating an EOM comb (driven by an external
RF synthesizer), compressing the pulses, amplifying the pulses up to .5 W, and then sending the
pulses into 100 m of normal dispersion highly nonlinear fiber for spectral broadening. Finally,

the broadened spectrum is PDH locked to the 100k finesse etalon by driving the phase modulator
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Figure 3.1: a) Schematic for testing optical bandwidth limitation of 100k finesse etalon. AOM:
acousto-optic modulator, ISO: fiber pigtailed isolator, PC: polarization controller, SOA: semicon-
ductor optical amplifier, PM: phase modulator, MZM: intensity modulator, EDFA: erbium doped
fiber amplifier, HNLF: 100 m of normal dispersion highly nonlinear fiber, FPE: 100k finesse
Fabry-Perot etalon, VCO: voltage controlled oscillator, RF Amps: RF amplifiers, PS: RF phase
shifter, LPF: low pass filter, PID: proportional-integral-derivative controller. b) Normalized opti-
cal spectrum of the nonlinearly broadened EOM comb before (black) and after the 100k finesse
etalon (red). ¢) Normalized optical spectrum of the etalon throughput for different repetition rates:
11.9851414 GHz (black) and 11.9851415 GHz (red)

at 350 MHz and sweeping the entire comb (using the AOM) across the etalon resonances. We
adjust the RF synthesizer frequency to match the cavity FSR. This should theoretically allow for
the comblines to pass through the etalon without attenuation. It is important to note that the PDH
error signal also gives an indication for the detuning of the repetition rate of the EOM comb and

the FSR. Details regarding nonlinear spectral broadening will be discussed in future chapters.

From Fig. 3.1b, the normalized optical spectrum before (shown in black) and after (shown in
red) the etalon is shown. The difference in thickness between the two spectra are due to the

measurements using different resolutions. In addition, the spectrum in red shows several dropped
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comblines which are artifacts from the OSA. We observe significant spectral broadening before
the etalon (with respect to the seed EOM comb) and a significant roll off after the etalon. Fig.
3.1c shows the etalon throughput for different repetition rates. We observe that depending on
the repetition rate of the EOM comb, the filtered comb leans in different directions. The lower
repetition rate leans towards longer wavelengths while the higher repetition rate leans more towards
the center of the spectrum. The difference in repetition rate between the vastly different optical
spectra is only 100 Hz. It seems like the edges of the optical spectrum experience additional
attenuation compared to the center regardless of the repetition rate. We also could not observe a
broader throughput spectra by tuning the repetition rate with finer precision. These results entail
an FSR changing with respect to wavelength. Unfortunately, high finesse etalons are extremely

susceptible to this effect.

The change in FSR with respect to wavelength can be expressed as: FSR ~ 2L+CC 75 [58]. Where
Tof
g—? is the change in reflected phase with respect to optical frequency of the mirrors used in the

etalon. To achieve extremely high reflectivity mirrors, a distributed Bragg reflector (DBR) stack is
deposited on a substrate. Reflected phase data that was provided from Thorlabs crystalline mirror
coatings were used to compute the group delay and group delay dispersion. This is shown in Fig.
3.2. Using the reflected phase data from Fig. 3.2, we calculated the FSR of an etalon using these

mirrors (shown in Fig. 3.3).

From Fig. 3.3, we observe the FSR of the etalon to sharply decrease from the center located at
~ 1546 nm. The mirrors used to calculate the cavity dispersion here are meant for a 200k finesse
etalon with an FSR of 15 GHz, entailing a passband FWHM of 75 kHz. The orange line in Fig. 3.3
denotes the FSR of the highest value (GDD=0). The green line denotes where the FSR has changed
by half the passband of a single resonance. With this particular etalon, we estimate a usable optical
bandwidth of ~ 16 nm. Although the etalon used in our experiments is different than the one

mentioned here, it is important to note that the same effect of cavity dispersion can be observed.
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Figure 3.2: Reflected phase data of ultrahigh reflectivity crystalline mirrors provided by Thorlabs.
Top: Reflected phase with respect to wavelength. Middle: Calculated group delay with respect to
wavelength, Bottom: Calculated group delay dispersion with respect to wavelength.

From Fig. 3.1, we observe that the usable bandwidth of the ultra-high finesse etalon is only ~ 16
nm. Assuming a rect function with the theoretical maximum bandwidth of 16 nm centered at 1546
nm, we compute a transform limited pulse duration of ~ 440 fs. Why does this happen? From
Fig. 3.2, we see that the reflected phase of these mirrors is far from flat in the operating band.
Mirrors based on multiple interference exhibit high dispersion because different colors penetrate
different depths on the DBR stack. The different depth gives rise to a difference in delay for
different colors. This effect causes the mirror dispersion which causes the cavity FSR to change
with wavelength. In addition, higher finesse cavities have a narrower passband (assuming constant

FSR). The narrower passband combined with FSR walk-off yields greater spectral attenuation on
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Figure 3.3: Theoretical Fabry-Perot etalon free-spectral range with respect to wavelength us-
ing Thorlabs crystalline mirrors assuming a cavity with designed FSR=14.986 GHz and Fi-
nesse=200,000.

the edges of a perfect comb spectrum. This sets an upper limit on the total optical bandwidth of
a comb source that can pass through an etalon. We conclude that high finesse etalons need to
address the dispersive mirror problem if they are to be used for filtering broad bandwidth optical
comb sources. Otherwise, they would be unable filter wide spanning comb sources. This means
that our 100k finesse etalon is incapable of filtering enough comb lines for our purposes. For us
to obtain large spanning filtered comb sources, we would need to build an external lower finesse

etalon that can filter broader bandwidth comb sources.
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Figure 3.4: Theoretical transmission of a tunable etalon with FSR=14.9896229 GHz. In blue, the
etalon resonances with no mirror translation. In red, the etalon resonances when the front mirror
has translated backward by 100 nm. In magenta, the etalon resonances when the front mirror has
translated forward by 100 nm.

Tunable etalon background

In the previous sections, we have discussed ultra-stable etalons using spacers. The purpose of the
spacer is to provide for extremely high stability so that environmental disturbances cannot misalign
the cavity. We have observed in the lab that higher finesse etalons require extreme stability for
operation. We have also found that ultra-high finesse etalons would not suit our purposes for
filtering large optical bandwidths (~ 4.4 THz). Here, we will discuss the operating principle of
a tunable etalon. In Fig. 3.4, we plot the transmission function of an etalon with the following
properties in blue. FSR: 14.9896229 GHz (10 mm length), mirror reflectivity: 99.9%, and flat

curved mirror configuration.

In Fig. 3.4, we also plot the transmission function of an etalon where the cavity length has increased
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by 100 nm (magenta) and decreased by 100 nm (red). As a result, the FSR has changed by 149.898
kHz (blue and magenta curves) and the FSR has changed by 149.895 kHz (blue and red curves).
At the same time, all of the resonances have shifted 1.934 GHz! The drastic difference in the
shifting of all of the resonances compared to the spacing between the resonances gives the tunable
etalon significant flexibility in filtering arbitrary comb sources. Although a travel of 100 nm is
small, commercial piezos can be purchased with the ability of expanding and contracting with far
better precision. In addition to the flexibility in tuning the optical resonances, we are also able to

construct etalons in-house with commercial components.

Fig. 3.5 shows a schematic of a tunable etalon employing a flat-curved configuration built in house.
Fig. 3.6 shows the CAD diagram of the metal block. It is important to note that the mirrors used
for all of the tunable etalons in this work are output coupler mirrors. This means that the front
face of the mirror is a DBR stack while the back face is anti-reflection (AR) coated to reduce other
parasitic etalon effects. The tunable etalon is constructed by first starting with a heavy metallic
block with a bore hole and an indent on the front face. The front face of the block also features
4 tapped holes for screwing in Thorlabs cage assembly rods. The rods are used to hold a KC1T
mount. We chose to use brass for this block but have also used steel. A ring piezo (Thorlabs
PA44M3KW) is glued to the indent of the block. The AR coated side of the mirror was then glued

to the ring piezo. The KCIT mount is used to hold the curved mirror of the cavity.

To reduce environmental perturbations on the tunable etalon, we have placed the cavity on an
optical breadboard inside of a box lined with vibration dampening foam. The metallic block sits on
top of a few sheets of sorbothane rubber and is clamped to the bread board with sorbothane rubber.
The box housing the cavity is then placed on top of sorbothane spacers to reduce vibrations from
the table to the box. All of the sorbothane pads and spacers were purchased on Thorlabs. These

efforts significantly reduce the environmental perturbations on the optical cavity.
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Figure 3.5: Schematic of a tunable etalon employing a flat-curved mirror configuration and a brass
block as an anchor. M: mirror, KCI1T: Thorlabs 30 mm cage compatible mount.
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Figure 3.6: Front, rear, and top view of the CAD file of the metallic block used as an anchor for
the tunable etalon.

Construction of a tunable etalon (3k finesse)

In the previous sections, we have discussed using optical cavities to perform optical filtering of
noise in between comblines. At first, we started with a haphazardly built tunable optical cavity
and found that poor build quality resulted in an increase in phase noise for low frequency offsets.
In addition, the haphazardly built tunable optical cavity featured high insertion loss and low sta-

bility. This motivated us to find a way to fully utilize the 100k finesse etalon for optical filtering.
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Figure 3.7: Photograph of the newly constructed ~ 3k finesse tunable etalon employing flat-curved
mirror configuration and mirror reflectivities of 99.97% and FSR ~ 10.5 GHz.

Unfortunately, several issues halted our progress using this approach. First, we have observed a
degraded insertion loss over time (from < 1 dB to < 6 dB) that we have yet to understand. We also
had difficulty in consistently getting the OEO EOM comb source in the previous section to run (we
are still unsure why the comb source is inconsistent). In addition to the increased insertion loss,
high finesse optical cavities suffer from the FSR walk-off effect. The FSR walk-off effect results in
a limited usable optical bandwidth associated with the etalon. As the finesse of the optical cavity
increases, the passband of the etalon narrows at the cost of a reduction in the total usable optical
bandwidth of a comb source. The optical cavity doesn’t support enough bandwidth to generate suf-
ficiently short pulses. To remedy this, we have carefully constructed a tunable optical cavity using
lower reflectivity mirrors using the design shown in Fig. 3.5 & Fig. 3.6. A photo of constructed

cavity is shown in Fig. 3.7.

Fig. 3.7 shows a picture of the newly constructed tunable optical cavity. The cavity uses a brass
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block as an anchor to reduce vibrations that can couple into the cavity. Brass was chosen as it has
a higher density compared to steel, allowing for improved vibrational dampening. An electrically
controlled piezo is glued to the brass block and the front mirror is glued to the piezo. The piezo
allows the front mirror to be electrically tuned so that the cavity can track fluctuations in the comb
source. A translation stage is bolted to the top of the brass block and bolted to the back mirror for
ease of alignment. The optical cavity was then placed inside a thermally and acoustically isolated
box to further reduce environmental fluctuations. In practice, the translation stage was not used
due to the coarse tuning. Instead, angle tuning the back mirror was employed for adjusting the

cavity spacing.

In addition, we used mirrors with a reflectivity of 99.92% for the optical cavity compared to the
99.9999% reflectivity mirrors. This ensured that the passband FWHM was wide enough to let a
broader comb source through. We calculated a theoretical finesse of ~ 3300 using an FSR ~ 10.5
GHz and a passband Avrwgy ~ 3 MHz. We aligned the optical cavity by first aligning the input
fiber launcher with the front mirror and maximizing the coupling of the back reflected light in the
launcher. Then, we inserted the back mirror and sent ASE through the cavity. By measuring the
throughput light on an IR camera and adjusting the back mirror, we were able to ensure the optical
cavity was aligned to the fundamental TEMOO spot. To test the stability of the optical cavity,
we employed PDH locking of the optical cavity on our low noise CW laser from OEwaves. We
observed the error signal to be stable enough to track the fluctuations of the OEwaves laser when it
was free-running. To match the repetition rate of our comb source to the FSR of the etalon, we sent
100 mW of ASE power into the etalon and measured the throughput on a high speed photodetector.
The resulting photocurrent was amplified by an RF low noise amplifier (LNA) and measured on an
RFSA. We adjusted the optical cavity until the peak of the measured ASE spectrum aligned with
the OEO signal. The peak of the ASE spectrum reveals the FSR of the cavity. To ensure the etalon

can filter the OEO EOM comb, both fy & fyep of the comb must match the etalon.
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Figure 3.8: a) Schematic for testing the performance of the tunable etalon. PM: phase modulator,
Tetalon: Tunable etalon, Att: RF attenuator, PD: photodiode, PZT: High voltage piezo driver,
RF Amp: RF amplifer, RF Amp: RF amplifier, LPF: Low pass filter, PID: proportional-integral-
derivative controller. b) Optical spectrum of the OEO EOM comb before passing through the
tunable etalon (black) and after locking the tunable etalon to the OEO EOM comb.

We tested the tunable etalon insertion loss by employing Pound-Drever-Hall locking on a CW
laser and measuring the throughput loss. The schematic can be seen in Fig. 3.8a when using a
CW laser instead of the OEO EOM comb as the source. Similar to the PDH locking schematic
in the previous chapter, a phase modulator for impressing anti-phase symmetric sidebands is used.
An optical circulator is used to launcher the fiber light into the optical cavity and receive the back
reflected light from the cavity. The synthesizer signal used to drive the phase modulator is also used
to drive the LO port of a mixer while the back reflected light is detected, amplified, and fed into the
RF port of a mixer. The IF signal is then low pass filtered and then sent into a PID controller. The
correction signal is then fed into a high-voltage piezo controller which is used to tune the optical
cavity. It is important to note that the synthesizer signal is at 900 MHz (as opposed to 300 MHz
for the 100k finesse etalon) to ensure the phase modulated sidebands are maximally suppressed
at the output of the etalon. We also included an RF amplifier after the synthesizer to amplify the

signal to drive the mixer. To ensure that only a small amount of power is taken away for the phase
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modulation process, we also attenuated the RF signal before entering the phase modulator. This

ensures that we do not generate additional sidebands through phase modulation.

The insertion loss was measured to be ~ 4 dB, this is most likely due to the mode mismatch
between the mode size of the etalon and the mode size from our fiber launchers. Unfortunately,
we did not have enough time to purchase a new set of launchers with the correct mode size and
were subject to availability of components in the lab. This loss can be reduced by improving the
mode-matching between the etalon and the fiber launcher mode. We also tried to pass the OEO
EOM comb to test the locking. The OEO EOM comb used was that in Fig. 2.20. Unfortunately,
in addition to the high insertion loss (when using CW light), we also observed significant spectral
distortion (when using the OEO EOM comb). The spectral distortion can be seen in Fig. 3.8b.
Fig. 3.8a shows the schematic for testing the tunable etalon while Fig. 3.8b shows the optical
spectrum before and after the tunable etalon. The spectral distortion appears to pass comblines in
the center but exhibits greater attenuation on the edges of the optical spectrum. Since our cavity
finesse is only ~ 3300, we believe that FSR walk-off is unlikely. To better understand these effects,

we constructed an even lower finesse etalon.

Construction of a tunable etalon (600 finesse)

In the previous section, we constructed a tunable etalon with a finesse of ~ 3k. Unfortunately, we
could not get the tunable etalon to work for us due to reasons we have yet to explain. To reduce
the difficulty in matching all of the EOM comb lines to the tunable etalon resonances, we opted
to reduce the finesse of the optical cavity. The reduction in finesse of the optical cavity (while
keeping the FSR constant) results in a wider passband, allowing for additional comblines with

lower spectral attenuation to pass through.

59



KC1T
.
M
.

Figure 3.9: Schematic of a ~ 600 finesse tunable etalon employing a curved-curved mirror config-
uration anchored by a steel block. M: mirror, KC1T: thorlabs 30 mm cage compatible mount.
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The lower finesse cavity uses two 99.5% curved output coupler mirrors with an ROC of 1 m. The
estimated mode diameter at the waist is 407.6 um and a FWHM of 16.9 MHz. The etalon uses a
steel block as an anchor to dampen the vibrations to the cavity. One end of the block is glued to a
piezo chip with a stroke free displacement up to 3.3 um. This cavity features a similar design to
Fig. 3.5a with a curved mirror as the front mirror. A schematic diagram of this cavity can be seen

in Fig. 3.9.

We again measured the throughput ASE on a high speed photodetector which was then amplified
by an LNA and displayed on an RFSA 3.10. The FWHM of the measured curve is 49 MHz
which is on the same order as the calculated FWHM of 16.9 MHz. It is important to note that the
photodetected ASE does not give the exact FWHM value. However, it can still be a useful tool for

roughly determining the FSR of the cavity.

We again measured the insertion loss of a CW laser through the etalon by employing PDH locking.
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Figure 3.10: Photodetected ASE beat note of the ~ 600 finesse etalon.

This time, our insertion loss was less than 2 dB. This is a result of improved mode-matching to the
cavity with a different set of fiber launchers. Our launchers feature a focused spot size of ~ 420
wm, which is close to the estimated mode diameter at the waist of the new cavity. We employed
the same process of adjusting the cavity length of the cavity and measuring the frequency at which
the peak of the ASE curve landed. By adjusting the peak frequency of Fig. 3.10 to match the
frequency of the OEO, we should theoretically be able to match the cavity with our comb source.
Unfortunately, we have found that this process of viewing the ASE curve on the RFSA provides
insufficient resolution. We again measured significant spectral distortion when trying to lock our

the tunable etalon to our comb source. Although the reduction in finesse allowed for lower loss
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Figure 3.11: Schematic for measuring the FSR of ~ 600 finesse tunable etalon using an EOM
comb with spectral broadening. AOM: acousto-optic modulator, ISO: fiber pigtailed isolator,
PC: polarization controller, EDFA: Erbium doped fiber amplifier, PM: phase modulator, FPE:
100k finesse Fabry-Perot etalon, RF Amp: RF amplifier, PD: photodiode, LPF: low pass filter,
PID: proportional-integral-derivative controller, VCO: voltage controlled oscillator, MZM: inten-
sity modulator, RF synth: RF synthesizer, Att: RF attenuator, PZT: high voltage piezo controller.

and less spectral distortion, we cannot tolerate spectral distortion only 1 THz of optical bandwidth.

To solve this issue, we developed a new method to measure the FSR of our tunable etalon. A
schematic diagram of the setup is shown in Fig. 3.11. The setup uses an EOM comb driven by
an RF synthesizer and a few optional nonlinear loop mirrors. The nonlinear loop mirrors will be
further discussed in the next chapter. It is sufficient to know that nonlinear loop mirrors are a

method for generating additional comblines and are optional.

The procedure for our technique using Fig. 3.11 is as follows. First, we lock our CW laser to our
100k finesse etalon. Since we are trying to filter our OEO EOM comb with an external etalon,
we must match both fy & f., of the tunable etalon to the OEO EOM comb. By locking the CW
laser to our 100k finesse etalon (which is used for the OEO), we are locking fj in place. Having
light pass through the etalon when f is locked implies that the tunable etalon needs only to match
frep- Second, we drive our EOM comb phase modulators with an RF signal that is close to the
FSR of our tunable etalon. The phase of the RF signal driving each modulator is adjusted to ensure

maximum comb generation. Third, we attempt to lock the generated EOM comb using the tunable
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etalon. Naturally, the FSR of the tunable etalon and f,., will have a slight mismatch, hence the
necessity for this technige. This can be observed on the PDH error signal when trying to lock the
tunable etalon to the EOM comb. When the FSR of the etalon is sufficiently detuned from f.,
of the EOM comb, the error signal will be smaller in amplitude and will be slanted in the shape.
This is due to each combline of the EOM comb providing a PDH error signal with different phases
which serve to alter the shape. Fourth, after locking the etalon to the EOM comb, we adjust the
RF drive frequency for the EOM comb until all of the comblines pass through the etalon with no

attenuation.

By measuring the throughput light of the etalon on an OSA, we can observe whether there is
a detuning between the FSR and f,.,. Once the optical spectrum distortion is minimized and the
output power is maximized, the FSR value is the corresponding RF drive frequency. The advantage
of this technique over previous etalon FSR measurement techniques [59] & [60] is that we can also
measure the throughput optical spectra (which tells us about the dispersion of the optical cavity).
We use additional spectral broadening after the EOM comb to give additional digits of precision in

our measurement of the etalon FSR and to ensure the etalon can filter enough bandwidth.

Once the FSR of the tunable etalon has been measured, we can now adjust the back mirror of the
optical cavity or the drive voltage on the piezo to match fy & f., of the etalon to our OEO EOM
comb. This process is iterative and may take several adjustments on the back mirror to match
the degrees of freedom. Unfortunately, we were unable to match both degrees of freedom (with
sufficient precision) by simply adjusting the etalon. We were adjusting the back mirror by hand
with limited success. We observed that the closest we could match the FSR and f,., was within
~ 200 kHz. Each time we adjusted the cavity, the measured FSR would be ~200 kHz. Future
endeavors of aligning a tunable etalon to a comb source should consider using a piezo-tuned mirror

for better precision in angle tuning the back mirror.
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Since we would like >4.4 THz of filtered optical bandwidth, we would need the detuning of the
FSR and f.) to be less than AVF%, where N is the number of comblines. For our purposes,
this value comes out to less than 50 kHz. To improve the matching of fo & f.p, we shifted the
CW laser and locked it to a different resonance on the starting 100k finesse etalon. This change
sufficiently in fy of the EOM comb allowed us to adjust the tunable etalon FSR and fy to match

the OEO EOM comb.

After matching both fy & fi.) of the talon to the broadened EOM comb, we measured the insertion
loss and the optical spectrum. The insertion loss was still 2 dB and no spectral distortion could
be observed. To be sure the tunable etalon matches our OEO EOM comb, we sent the OEO EOM

comb through the etalon. We again measured ~ 2 dB loss and no spectral distortion.

In this chapter we solved our broadband comb filtering problem. We started with trying to use our
100k finesse etalon and ran into issues due to cavity dispersion. We constructed a ~ 3k finesse
etalon and ~ 600 finesse etalon to externally filter our comb source. In addition, we came up
with a new technique to match our etalon to our comb source and verified broadband operation.
Unfortunately, our EOM comb bandwidth is still lacking. Our next steps are to improve the pulse

quality, shorten our pulses, and increase their output power.
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CHAPTER 4: HIGH CONTRAST NONLINEAR PULSE COMPRESSION

EOM combs present numerous challenges for producing coherent octave spanning supercontin-
uum generation. As previously shown, EOM combs exhibit a notorious temporal pedestal as a
result of uncompensated higher orders of dispersion. EOM combs also produce relatively long
pulse durations due to the limited number of generated comblines. Finally, EOM combs exhibit
significant phase noise multiplication compared to other comb sources. Additionally, high repeti-
tion rate (GHz) comb sources have low pulse energies. One approach to generating short pulses
with EOM combs is to simply cascade as many phase modulators as possible. However, this ap-
proach is extremely expensive due to the cost of components (modulator, RF amplifier, RF switch,
etc.). To generate 100 fs pulses with an EOM comb at a repetition rate of 10 GHz, one would need
to use 35 phase modulators! Although the number of modulators needed at higher repetition rates
decreases (due to the total larger optical bandwidth generated), several modulators are still needed.
In addition to the high cost, additional phase modulators degrade the pulse contrast. This is be-
cause the higher order dispersion terms grow with the increasing modulation index without being
compensated. If the phase modulators were driven by pure quadratic temporal phase (as opposed
to a sinusoid), the resulting chirp would be linear. Instead, a cost-effective approach would be to
use a few modulators, amplify the pulse train, then spectrally broaden the EOM comb with highly
nonlinear fiber. Unfortunately, SPM is known also to degrade pulse quality. In this chapter, we
will discuss SPM and a new method our group has developed for producing ultrashort pulses with

high pulse contrast.
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Self-Phase Modulation

Self phase modulation is a nonlinear effect in which the index of refraction of the material changes
in proportion to the intensity of light. This change in refractive index modifies the phase of a light
pulse propagating through the medium. This can be seen in Eq. 4.1 where n, is the nonlinear index

of the material and I is the light intensity in the medium.

An = nol “4.1)

Typically, only pulses of light can produce high enough intensities for measurable phase changes.
The change in phase gives rise to a chirp that is proportional to the derivative of the light pulse
with respect to time. In general, the result is a pulse with linear up chirp in the centroid and anti-
symmetric lumps on the edges of the pulse. The linear chirp in the centroid is easily compressible
but the lumps (or wings) are difficult to compress. This can be seen in Fig. 4.1 where the intensity
of the input pulse is shown on top and the instaneous frequency is shown below. Compensating
for the linear chirp results in pulse shortening at the center while the edges of the pulse exhibit

temporal sidelobes.

For coherent octave spanning supercontinuum generation in fiber to occur, sub-100 fs pulse dura-
tions with low pedestal energy are required. For comb sources that produce relatively long pulses
(> 400 fs), this is a serious issue. For pulses shorter than 400 fs, nonlinear compression inside fiber
amplifiers can shorten pulse durations to under 100 fs. Unfortunately, our pulses are barely under
1 ps in duration and already have a significant pedestal. To reach the point where a fiber amplifier

could nonlinearly compress our pulse to 100 fs requires something more sophisticated.
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Figure 4.1: Conceptual diagram of self phase modulation. Top: input intensity profile of an optical
pulse in nonlinear medium. Bottom: instaneous frequency of pulse after undergoing SPM.

Self phase modulation in fiber

Previous work in optical pulse compression in fiber [61] has produced various pulse compres-
sion techniques. These techniques rely on the dispersion and nonlinearity of the fiber. Due to
the telecom industry, significant work has been dedicated towards developing fibers with various
dispersion and nonlinear coefficients. Surprisingly, the nonlinear coefficient alone does not deter-
mine the pulse dynamics in the fiber. The dispersion characteristics of the fiber dictate the pulse
dynamics of the fiber. The nonlinear coefficient dictates the threshold power for nonlinear effects
while the attenuation dictates the length at which nonlinear effects cease. Although silica has a
small nonlinear index (n7), the long lengths of fiber increase the nonlinear interaction length. As
previously mentioned, SPM generates additional frequency components with a chirp that is pro-

portional to the derivative of the pulse shape. There are two vastly different set of dynamics for
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Figure 4.2: Intensity autocorrelation traces showing soliton compression in single mode fiber.

pulses in fiber (anomalous or normal dispersion). When the fiber exhibits anomalous dispersion,
solitons can be formed. A soliton is pulse that does not change with propagation. It is formed by
the balance of dispersion and nonlinearity. The linear chirp induced by SPM has the opposite slope
compared to anomalous dispersion. When the power is increased, the nonlinear phase increases.
As a result, the pulse shortens and increases the peak power of the pulse. The increase in peak
power induces even more SPM which generates even more frequency components. The additional
SPM because of the heightened peak power is further compressed by the anomalous dispersion.
The result is a pulse spectrum that far exceeds the input pulse spectrum and a pulse that is signifi-
cantly shorter than the input pulse. Unfortunately, the increased SPM produces a significant pulse
pedestal riding below the main lobe of the pulse and pulse splitting. This effect can be seen in Fig.
4.2 which was adapted from [62]. In [62], a 100 MHz repetition rate mode-locked laser centered
at 1550 nm emitting 7.2 ps pulses was amplified and then sent through a length of single mode
fiber with various average powers. The measured intensity autocorrelation are shown in Fig. 4.2.
At first, the pulse slightly narrows with increasing power and then suddenly begins to significantly
compress. After 5.0 W, the output pulse begins to exhibit pulse splitting which ends up becoming
a pulse pedestal. The red line added in Fig. 4.2 shows at which point soliton compression has

roughly achieved maximal pulse compression. This process also leads to the generation of higher
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order solitons. Additional background on solitons and higher order solitons can be found in [63]. A
modification of soliton compression is known as adiabatic soliton compression. Instead of trying to
achieve significant pulse compression along a single segment of anomalous dispersion fiber, vari-
ous segments of fiber with different dispersion parameters are spliced together. The first segment is
used to achieve maximal pulse compression with as little temporal sidelobe generation as possible.
This typically occurs before the drawn red line in Fig. 4.2. A second segment with a smaller dis-
persion parameter compared to the first segment is used to restart the soliton compression process.
This process of stopping the soliton compression in a segment and restarting soliton compression
in another segment is the essence of adiabatic soliton compression. The main idea is to ensure
that each segment of fiber does a small amount of nonlinear pulse compression, but never enough
to generate a significant pedestal. In this way, the nonlinear pulse compression process restarts
multiple times. A less achievable method for adiabatic soliton compression is to use dispersion
decreasing fiber (fiber that has it’s dispersion parameter decrease along its length). Unfortunately,

dispersion decreasing fibers are not a commercial item and cannot be easily obtained.

Unlike the anomalous dispersion giving rise to solitons, normal dispersion fiber gives rise to sim-
ilaritons (or parabolic pulses) [64]. As previously mentioned, SPM generates a linear chirp at
the center of the pulse with anti-phase symmetric lumps at the edges of most pulses. The linear
chirp being compressible by anomalous dispersion entails that normal dispersion would stretch the
pulse. The combined action of SPM and normal dispersion act to reshape the pulse to asymptoti-
cally approach a parabolic intensity profile. This can be seen in Fig. 4.3. In fig. 4.3, a simulation is
performed where a Gaussian pulse is nonlinearly propagated through a length of normal dispersion
fiber. As the Gaussian pulse propagates and generates SPM, the pulse stretches in time. By the
middle of the plot, the pulse no longer resembles a Gaussian pulse but a parabola. Eventually,
parabolic propagation ends and the pulse exhibits optical wave breaking. Optical wave breaking

occurs when the trailing edge and leading edge of the next pulse overlap and interfere [65]. This
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Figure 4.3: Simulated parabolic pulse propagation by nonlinearly propagating a Gaussian pulse in
a normal dispersion fiber.

distorts the optical spectrum and produces sidelobes. In the time domain, the pulse no longer re-
sembles a parabola. Unfortunately, the interference of the two pulses does not produce linear chirp
that is easily compressible. The red line on the plot delineates parabolic propagation and opti-
cal wave breaking. Additional information on parabolic pulse propagation can be found in [63].
Unlike soliton compression where the pulse continuously compresses and acquires more SPM,
similariton propagation continuously stretches the pulse along propagation. Since the pulse is
stretching while propagating, the peak power decreases with propagation. The decrease in peak
power reduces the amount of SPM induced by the pulse. In addition to the reduction in accu-
mulated nonlinear phase, since the pulse approaches a parabola, SPM instead produces nearly
perfect linear chirp (with no anti-symmetric lumps). The linear chirp is easily achieved with the
proper length SMF28 fiber. In addition to the chirped pulse, the resulting compressed pulse has a
much smaller pulse pedestal compared to soliton compression. For nonlinear compression using
parabolic pulse propagation, a pulse is first launched into the normal dispersion fiber and reshaped
into a parabola. The process is stopped right before optical wave breaking (where the red line is

drawn on Fig. 4.3) occurs so that the output pulse resembles a parabola with highly linear chirp.
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The pulse is then compressed using anomalous dispersion fiber and then sent back into another
segment of normal dispersion fiber. This process is repeated until pulses with the desired duration

are obtained.

Regardless of soliton compression (anomalous dispersion fiber) or similariton propagation (normal
dispersion fiber), these techniques will always generate an additional pulse pedestal. Hence, the
necessity of starting with a clean optical pulse. Unfortunately, our pulses are roughly 1 ps in
duration with a significant pedestal, nonlinearly broadening our spectrum through SPM would

further degrade our pulse contrast before even reaching the amplifier!

We have experimentally measured nonlinear pulse propagation in three different spools of highly
nonlinear fiber (HNLF) with differing dispersion profiles centered at 1550 nm in Fig. 4.4, 4.5, &
4.6.

The setup in Fig. 4.4a starts with a CW laser PDH locked to our 100k finesse Fabry-Perot etalon.
The CW laser is then used to generate an EOM comb using two phase modulators and one inten-
sity modulator. The EOM comb is amplified by an SOA, compressed using a Finisar waveshaper
(applying only linear chirp), and amplified again in a .5 W EDFA. The optical spectrum and com-
pressed intensity autocorrelation trace are shown in Fig. 4.4b & c. The amplified and compressed

EOM comb is then sent through a spool of 100 m of anomalous dispersion HNLF with 1 m of

single mode fiber spliced to each end. The HNLF has a dispersion parameter of 1.16 —2>— at 1550

nmxkm

nm and a nonlinear coefficient of 11.6 m Fig. 4.4d & e show the optical spectrum and intensity
autocorrelation trace after the HNLF when the output power of the EDFA was set to 100 mW. Fig.
4.4f & g show the optical spectrum and intensity autocorrelation trace after the HNLF when the

output power of the EDFA was set to 300 mW.

We observe the EOM comb sidelobes to persist in the autocorrelation traces after the HNLF. We

observe a pulse compression factor of over 2x when the EDFA was set to 100 mW in Fig. 4.4e
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Figure 4.4: Experimental work of spectral broadening an EOM comb (consisting of two phase
modulators and one intensity modulator driven by a common RF synthesizer at 10 GHz) using
100 m of anomalous dispersion HNLF from OFS. a) Schematic representation of spectrally broad-
ening an EOM comb using anomalous dispersion HNLF. PDH: Pound-Drever-Hall locking, FPE:
Fabry-Perot etalon, EOM: cascade of electro-optic modulators, SOA: semiconductor optical am-
plifier, B,: linear chirp for compressing EOM comb pulses, EDFA: erbium doped fiber amplifier,
HNLF: anomalous dispersion HNLFE. b) Optical spectrum of EOM comb before broadening, c)
compressed intensity autocorrelation of EOM comb, d) optical spectrum of EOM comb after am-
plification to 100 mW and spectral broadening in 100 m of HNLF, e) intensity autocorrelation of
spectrally broadened EOM comb with average power 100 mW, f) optical spectrum of EOM comb
after amplification to 300 mW and spectrally broadened by HNLF, g) intensity autocorrelation of
spectrally broadened EOM comb with average power 300 mW.

while the optical spectrum exhibits typical SPM spectral broadening in Fig. 4.4d. We also observe
significant spectral oscillations and pulse broadening when the EDFA power was set to 300 mW in
Fig. 4.4f & g. The optical spectrum no longer resembles typical SPM on the longer wavelengths.

We attribute this to the aforementioned soliton compression effect where the pulse continually
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Figure 4.5: Experimental work of spectral broadening an EOM comb (consisting of two phase
modulators and one intensity modulator driven by a common RF synthesizer at 10 GHz) using
100 m of zero dispersion HNLF from OFS. a) Schematic representation of spectrally broadening
an EOM comb using zero dispersion HNLF. PDH: Pound-Drever-Hall locking, FPE: Fabry-Perot
etalon, EOM: cascade of electro-optic modulators, SOA: semiconductor optical amplifier, 3,: lin-
ear chirp for compressing EOM comb pulses, EDFA: erbium doped fiber amplifier, HNLF: zero
dispersion HNLF. b) Optical spectrum of EOM comb before broadening, ¢) compressed intensity
autocorrelation of EOM comb, d) optical spectrum of EOM comb after amplification to 100 mW
and spectral broadening in 100 m of HNLF, e) intensity autocorrelation of spectrally broadened
EOM comb with average power 100 mW, f) optical spectrum of EOM comb after amplification to
300 mW and spectrally broadened by HNLF, g) intensity autocorrelation of spectrally broadened
EOM comb with average power 300 mW.

acquires additional nonlinear phase which distorts the optical spectrum and pulse profile. This can
also be seen in Fig. 4.4g where although the pulse is clearly stretched, there are several spikes

around the pulse which are typically indicative of significant higher order chirp.

The setup in Fig. 4.5a starts with a CW laser PDH locked to our 100k finesse Fabry-Perot etalon.

73



The CW laser is then used to generate an EOM comb using two phase modulators and one inten-
sity modulator. The EOM comb is amplified by an SOA, compressed using a Finisar waveshaper
(applying only linear chirp), and amplified again in a .5 W EDFA. The optical spectrum and com-
pressed intensity autocorrelation trace are shown in Fig. 4.5b & c. The amplified and compressed

EOM comb is then sent through a spool of 100 m of zero dispersion HNLF with 1 m of single

mode fiber spliced to each end. The HNLF has a dispersion parameter of 0.00 nmiskm at 1550 nm
and a nonlinear coefficient of 11.3 m Fig. 4.5d & e show the optical spectrum and intensity
autocorrelation trace after the HNLF when the output power of the EDFA was set to 100 mW. Fig.

4.5f & g show the optical spectrum and intensity autocorrelation trace after the HNLF when the

output power of the EDFA was set to 300 mW.

We again observe the EOM comb sidelobes to persist in the autocorrelation traces after the HNLF.
We again observe a pulse compression factor of over 2x when the EDFA was set to 100 mW in
Fig. 4.5e while the optical spectrum exhibits typical SPM spectral broadening in Fig. 4.5d. Unlike
Fig. 4.4f & g, Fig. 4.5f & g still exhibits typical SPM broadening with significantly higher depth
of modulation in the optical spectrum. We attribute this effect to the dispersion parameter of this
HNLF being 0 where dispersion is not capable of stretching or compressing the pulse. In a sense,
we’re observing pure SPM in fiber without shaping due to dispersion. In Fig. 4.5g, we observe the
pulse is stretched with fewer spikes on the intensity autocorrelation. We note that the spikes near

+5 ps delay are due to the EOM comb while the spikes closer to the mainlobe are due to SPM.

The setup in Fig. 4.6a starts with a CW laser PDH locked to our 100k finesse Fabry-Perot etalon.
The CW laser is then used to generate an EOM comb using two phase modulators and one inten-
sity modulator. The EOM comb is amplified by an SOA, compressed using a Finisar waveshaper
(applying only linear chirp), and amplified again in a .5 W EDFA. The optical spectrum and com-
pressed intensity autocorrelation trace are shown in Fig. 4.6b & c. The amplified and compressed

EOM comb is then sent through a spool of 100 m of normal dispersion HNLF with 1 m of single
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Figure 4.6: Experimental work of spectral broadening an EOM comb (consisting of two phase
modulators and one intensity modulator driven by a common RF synthesizer at 10 GHz) using 100
m of normal dispersion HNLF from OFS. a) Schematic representation of spectrally broadening an
EOM comb using normal dispersion HNLF. PDH: Pound-Drever-Hall locking, FPE: Fabry-Perot
etalon, EOM: cascade of electro-optic modulators, SOA: semiconductor optical amplifier, 3,: lin-
ear chirp for compressing EOM comb pulses, EDFA: erbium doped fiber amplifier, HNLF: normal
dispersion HNLF. b) Optical spectrum of EOM comb before broadening, c) compressed intensity
autocorrelation of EOM comb, d) optical spectrum of EOM comb after amplification to 100 mW
and spectral broadening in 100 m of HNLF, e) intensity autocorrelation of spectrally broadened
EOM comb with average power 100 mW, f) optical spectrum of EOM comb after amplification to
300 mW and spectrally broadened by HNLF, g) intensity autocorrelation of spectrally broadened
EOM comb with average power 300 mW.

mode fiber spliced to each end. The HNLF has a dispersion parameter of -0.72 .= at 1550 nm
and a nonlinear coefficient of 11.8 7. Fig. 4.6d & e show the optical spectrum and intensity
autocorrelation trace after the HNLF when the output power of the EDFA was set to 100 mW. Fig.

4.6f & g show the optical spectrum and intensity autocorrelation trace after the HNLF when the
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output power of the EDFA was set to 300 mW.

We still observe the EOM comb sidelobes to persist in the autocorrelation traces after the HNLFE.
This time, we observe a much smaller pulse compression factor when the EDFA was set to 100
mW in Fig. 4.6e while the optical spectrum exhibits typical SPM spectral broadening in Fig. 4.6d.
Unlike Fig. 4.4f & g, Fig. 4.6f & g still exhibits typical SPM broadening with a little higher depth
of modulation in the optical spectrum. We attribute this effect to the dispersion of this HNLF being
normal dispersion. Since the pulse is instead being stretched while propagating in the HNLF, the
accumulated nonlinear phase due to SPM is significantly reduced. In Fig. 4.5g, we observe the
pulse is extremely short compared to the input. The pulse compression that is ocurring after the

HNLF is due to the anomalous dispersion 1 m long SMF fiber spliced pigtail.

Having shown nonlinear spectral broadening in three different spools of HNLF, we observe that
the EOM comb sidelobes do not disappear. Although the central lobe of the EOM comb can
be significantly compressed, the original sidelobes still remain. In addition, the main lobe can
generate a new set of sidelobes due to the SPM chirp being nonlinear. Unfortunately, the temporal
pedestal (now caused by SPM and the original EOM comb sidelobes) can also be amplified by an

amplifier.

Linear Pulse Shaping

As previously mentioned, the EOM comb sidelobes are a result of uncompensated higher order
dispersion due to the sinusoidal modulation. Propagating the amplified and mostly compressed
EOM comb pulses through a section of HNLF can significantly compress the main lobe of the
EOM comb in exchange for adding a new set of sidelobes. One way to simultaneously remove

both the temporal pedestal native to EOM combs and the SPM nonlinear chirp is to use a linear
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Figure 4.7: Schematic of a commercially available grating based pulse shaper from Finisar (now
Coherent).

pulse shaper. This approach uses a spatial light modulator (SLM) based grating pulse shaper
(waveshaper). A schematic of a commercial grating based pulse shaper sold by Finisar (now
Coherent) is shown in Fig. 4.7. The waveshaper works by using a grating to separate the pulse
spectral components and then sending each spectral component through an SLM. By applying a
specific voltage on the SLM pixels, the individual phase components of the pulse can be changed.
This allows for full amplitude and phase control of each spectral component, allowing for arbitrary
amplitude and phase masks to be generated. An approach for removing the EOM comb sidelobes,
SPM sidelobes, and undoing amplifier distortions was done in [17]. Fig. 4.8 shows their schematic

and Fig. 4.9 shows their data adapted from [17].

Fig. 4.8 shows the schematic for obtaining high contrast ultrashort pulses from an EOM comb as

done in [17]. The system starts with a CW laser PDH locked to an ultra-high finesse cavity. The
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Figure 4.8: Schematic representation of an EOM comb spectrally broadened by HNLF, reshaped
using a linear pulse shaper, and then amplified again. MZM: intensity modulator, PM: phase
modulator, PDH: Pound-Drever-Hall lock, f3,: linear chirp for compressing EOM comb, EDFA:
erbium doped fiber amplifier, HNLF: 100 m of highly nonlinear fiber, pulse-shaper: grating based
pulse shaper.

stabilized laser is then sent through two phase modulators and one intensity modulator driven at
33 GHz to generate an EOM comb. The optical spectrum of the 33 GHz EOM comb is shown
in Fig. 4.8a. The 33 GHz EOM comb is then mostly compressed using linear chirp and then
amplified up to .5 W in an EDFA. The amplified pulses are then sent through 100 m of HNLF
for nonlinear spectral broadening. The resulting optical spectrum an intensity autocorrelation are
shown in Fig. 4.9b & c in green. The broadened EOM comb is then sent through a pulse shaper
to adjust the amplitude and phase of each combline. In Fig. 4.9b & c (in black) shows how the
pulse pedestal can be suppressed by flattening the optical spectrum in 5 nm increments. From Fig.
4.9 c, we observe the pulse pedestal to significantly decrease after spectral flattening was applied.
Fig. 4.9d & e shows the optical spectrum and intensity autocorrelation respectively after complete
spectral flattening. The spectrum no longer exhibits the same oscillations at the top. The resulting
autocorrelation also shows a pedestal free output pulse. Fig. 4.9d & e are taken after the final
amplifier in the system which shows that linear shaping can also be used to suppress distortions

due to the amplifier as well as gain narrowing.

Although this approach has been shown to suppress the pulse pedestal due to the EOM comb
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Figure 4.9: Associated data of an EOM comb spectrally broadened and shaped using pulse shaper.
a) Optical spectrum of the 33 GHz EOM comb using 2 phase modulators and 1 intensity mod-
ulator, b) optical spectrum of EOM comb after amplification to .5 W and subsequent nonlinear
spectral broadening in 100 m of HNLF before shaping (green) and after spectral flattening in 5
nm increments (black), c) intensity autocorrelation trace of spectrally broadened EOM without
shaping (green) and with shaping in 5 nm increments (black), d) optical spectrum of spectrally
broadened EOM after full line by line shaping, e) intensity autocorrelation of spectrally broadened
EOM comb after full line by line shaping (black) and transform limited autocorrelation (red).

and SPM, this approach has many issues. The use of a waveshaper is expensive, lossy (5 dB
insertion loss before any spectral shaping!), limited operating wavelength range, and cannot handle
high power. Finally, the output pulses were still not short enough for supercontinuum generation.
To generate an octave, a specially prepared fiber using two different dispersion profiles (limited
information was presented regarding the fibers for supercontinuum generation) was used (chapter
6 will discuss supercontinuum generation). We seek an alternative solution that does not provide

high losses and can be easily implemented.
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Saturable Absorption

The issue discussed in the previous section is that a nonlinear pulse compressor is needed to shorten
EOM comb pulses. SPM can aid in producing ultrashort pulses but also degrades the pulse contrast.
Using a waveshaper, the degradation in pulse contrast by SPM can be mitigated at the cost of
power, complexity, and money. A device that can simultaneously shorten a pulse and eliminate

pulse pedestals is needed.

A saturable absorber is a device that exhibits a nonlinear phenomenon in which weak portions of an
optical pulse experience additional loss compared to strong portions of an optical pulse. This gives
rise to a nonlinear temporal filter function that can simultaneously remove temporal sidelobes and
be used for pulse compression. There are two types of saturable absorbers (fast and slow). Fast
saturable absorbers (artificial saturable absorbers) typically have recovery times on the order of
fs while slow saturable absorbers (material based saturable absorbers) have recovery times on the

order of ns-ps.

The important characteristics of a saturable absorber are: modulation depth, relaxation time, sat-
uration fluence, and non-saturable loss. The modulation depth details the attenuation of low in-
tensity light compared to high intensity light. The relaxation time details the time it takes for the
saturable absorption effect to recover. The saturation fluence gives the required energy to bleach
the saturable absorber. The non-saturable loss details the loss of the saturable absorber even when
it is bleached. Unfortunately, material based saturable absorbers do not have sufficient modulation
depth and bandwidth to suppress the EOM comb sidelobes. We need a saturable absorber that
can deliver modulation depths of at least 90%, low saturation fluence, and low non-saturable loss.
The slow saturable absorber would also be unable to suppress both sidelobes of the EOM comb.
Instead, it would only be able to eat the front sidelobe of the pulse and would still be recovering

while the trailing sidelobe would pass through. Artificial saturable absorbers have the desired re-
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covery time for suppressing the sidelobes. However, not all artificial saturable absorbers can be

externally implemented with the desired modulation depth.

Nonlinear Loop Mirrors

As previously mentioned, artificial saturable absorbers exhibit extremely fast recovery times (~fs)
(owing to the ultrafast kerr effect, recoverytime ~13 fs) and can have much higher modulation
depths. Unlike material based saturable absorbers, they have a wide range of operating wavelengths
and come in a wide variety. Typically, artifical saturable absorbers have a high saturation fluence.
This becomes an issue for high repetition rate comb sources due to the significantly lowered pulse
energies. Unlike other artificial saturable absorbers, a nonlinear loop mirror (NLM) can be made

with a low saturation fluence.

NLMs come in two variants, the nonlinear optical loop mirror (NOLM) [66] and the nonlinear
amplifying loop mirror (NALM) [67]. The construction of a NLM is that of a sagnac interferometer
where the symmetry is broken using the nonlinear phase shift acquired due to SPM. The NOLM
imbalances the interferometer using a difference in power whereas the NALM imbalances the
interferometer using a gain section. The benefit to using a NLLM is that it can be easily incorporated
into any setup, exhibits a high modulation depth [68], and are cost-effective. Despite most artificial
saturable absorbers having high saturation fluence, the saturation fluence of a NLM can be lowered
by simply using longer lengths of fiber. The NALM can also provide gain to a pulse train, allowing
it to simultaneously amplify and improve the pulse contrast. A diagram to explain the operation of

a NLM is shown in Fig. 4.10.

The switching behavior of the NLM can be analyzed using a scattering matrix approach [69]. The
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Figure 4.10: Simplified diagram of a nonlinear amplifying loop mirror.

resulting output normalized to the input power and gain for a NALM is shown in Eq. 4.2 and 4.3.
al— 2 2 A¢
— —2g=40(l—o — 4.2
g =28 =da(l - ajcos’ (=) 4.2)

. A
|Z’1L+\2exp—2g: 1 —4a(l —a)cosz(T(P) 4.3)

Where, A9 = ¢12 — ¢21, is the phase difference between the clockwise and counter-clockwise
paths. For a NOLM, the gain is set to 0 and A¢ = (1 —2a)y|a;. |*L. It is important to note that
the nonlinear phase shift that gives rise to the switching behavior is dependent on the product of
the peak power, nonlinear fiber coefficient, and length of fiber. It is also important to note that
a NOLM typically does not work with a 50/50 coupler because there would be no difference in
phase to provide the switching behavior. The exception to this would be to imbalance the acquired

phase shift by means inside the loop [70].

Experimental efforts on using a 40/60 NOLM and a 50/50 NALM can be seen in Figs. 4.11 [71]
and 4.12. It is important to note that the NOLM is a passive device and therefore needs prior

amplification before working as intended. A NALM typically does not require prior amplification
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Figure 4.11: Experimental work of nonlinear pulse compression using a 40/60 NOLM on an EOM
comb (with 2 phase modulators driven by an external RF synthesizer at 10.5 GHz) locked and
filtered by our 100k finesse etalon. a) AOM: acousto-optic modulator, ISO: fiber pigtailed isolator,
PC: polarization controller, SOA: semiconductor optical amplifier, PM: phase modulator, MZM:
intensity modulator, EDFA: Erbium doped fiber amplifier, FPE: 100k finesse Fabry-Perot etalon,
SMF: 540 m of standard single mode fiber, VCO: voltage controlled oscillator, RF Amps: RF
amplifiers, PS: RF phase shifter, Att: optical attenuator, LPF: low pass filter, PID: proportional-
integral-derivative controller, 40/60: 40/60 fiber optic coupler, D<O HNLF: 100 m of normal dis-
persion HNLF with low loss splices SMF28 pigtails, b) Optical spectrum of EOM comb (black)
and NOLM output (red), ¢) Intensity autocorrelation of EOM comb (black) and NOLM output
(red).

unless the input power is too low to saturate the gain medium.

Fig. 4.11a shows our experimental results using a 40/60 NOLM. The system starts with a CW laser
passing through an AOM, SOA, and comb generating modulators. The entire EOM comb is then
locked to our 100k finesse etalon (~ 1.5 GHz FSR, ~ 15 kHz FWHM). Since the EOM comb is
generated before the etalon, both fy & f., are locked to the etalon. The EOM comb is driven by an

external RF synthesizer at ~ 10.5 GHz which is 7xFSR. The EOM comb is then compressed using
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540 m of SMF28 fiber and amplified up to .6 W in an EDFA. The amplified and compressed EOM
comb is then sent into a 40/60 NOLM. The input to the NOLM has a fiberized isolator to prevent
the back reflected light from coupling into the EDFA. The NOLM consists of a 40/60 coupler, in-
line fiber polarization controller, and 100 m of normal dispersion HNLF (D = —.7 ps/nm/km) for
nonlinear phase accumulation. The HNLF is the main source of nonlinear phase accumulation from
the pulse due to the long length of fiber and high nonlinear coefficient (10.7 W ~'km~!. In addition,
the HNLF has SMF28 pigtails spliced to each end of the 100 m HNLF for efficient coupling. The
optical spectrum and intensity autocorrelation of the pulses before (black) the NOLM and after
(red) are shown in Fig. 4.11b & c respectively. The red vertical lines that drop to the bottom of
the plot shown in Fig. 4.11b are an artifact of the OSA and are not part of the spectrum. From
the optical spectrum in Fig. 4.11b, we observe significantly less ripple at the top compared to a
purely SPM broadened EOM comb. We also observe less abrupt transitions on the edges of the
spectrum compared to the EOM comb spectrum. The intensity autocorrelation in Fig. 4.11c shows
a dramatic reduction of power in the pulse pedestal after the NOLM. We also observe a significant
amount of pulse shortening after passing through the NOLM. Despite the significant improvement
in the pulse contrast and duration, they pulses are still not short enough and still exhibit some
temporal ringing. This is because a 40/60 NOLM still has a finite extinction ratio that cannot fully
suppress the pedestal. To fully suppress the temporal pedestal in a pulse, a 50/50 coupler must be
used. However, a 50/50 coupler in a NOLM does not work unless special precautions are made
to imbalance the nonlinear phase shift. Another alternative is to replace the 40/60 NOLM with a

50/50 NALM for better switching contrast.

Fig. 4.12 shows our experimental data using a 50/50 NALM for nonlinear pulse shaping. Fig.
4.12a shows the schematic of our system. The system starts with a CW laser followed by an
AOM, a cascade of 4 phase modulators and one intensity modulator for EOM comb generation.

The phase modulator after the intensity modulator is used for PDH locking and the amplifiers
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Figure 4.12: Experimental work of nonlinear pulse compression using a 50/50 NALM on an EOM
comb (with 4 phase modulators driven by an external RF synthesizer at 10.5 GHz) locked and
filtered by our 100k finesse etalon. a) AOM: acousto-optic modulator, ISO: fiber pigtailed isola-
tor, PC: polarization controller, PM: phase modulator, MZM: intensity modulator, EDFA: Erbium
doped fiber amplifier, FPE: 100k finesse Fabry-Perot etalon, SMF: 250 m of standard single mode
fiber, VCO: voltage controlled oscillator, RF Amps: RF amplifiers, PS: RF phase shifter, Att: op-
tical attenuator, LPF: low pass filter, PID: proportional-integral-derivative controller, 50/50: 50/50
fiber optic coupler, DSF: 110 m of dispersion shifted fiber, EDF: 12 m of M12-980-125 Erbium
doped fiber bi-directionally pumped by two 1 W 976 nm laser diodes, b) Optical spectrum of
EOM comb (black) and NALM output (red), c) Intensity autocorrelation of EOM comb (black)
and NALM output (red).

before the etalon are to compensate for losses. The EOM comb is driven by an RF synthesizer at
~10.5 GHz which is again 7x the FSR of the 100k finesse etalon we used. Again, since the EOM
comb is locked to the etalon, both fy and f,., of the EOM comb are locked and filtered by the
etalon. It is also important to note that 4 phase modulators were used instead of 2 as shown in
Fig. 4.11a. This entails that the EOM comb bandwidth is wider and leads to shorter pulses when
compressed. The EOM comb is then compressed by propagating through 250 m of SMF28 fiber
before entering the 50/50 NALM. A circulator is placed at the input of the NALM to ensure the
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back reflected light does not go back into the preceding parts of the system. In addition, an isolator
is placed at the output of the NALM to ensure back reflections are not coupled into the NALM

from other sources. The NALM uses 110 m of dispersion shifted fiber (DSF) with a dispersion

ps
nmxkm

parameter of -0.8 and a MFD of 8.6 um for nonlinear phase accumulation. We employed

12 m of M12-980-125 erbium doped fiber (EDF) bi-directionally pumped by two 1 W 976 nm

laser diodes for the gain section and an inline fiber polarization controller. The DSF has a much

ps
nmxkm

smaller nonlinear coefficient (~ 3 ) owing to its larger MFD. Since our starting EOM comb
uses 4 phase modulators instead of 2, the starting EOM comb here has a shorter pulse duration
than in Fig. 4.11. Shorter pulses entails higher peak power, which means more nonlinear phase
shift with the same average power. Fig. 4.12b & c shows the measured optical spectrum and
intensity autocorrelation before the NALM (in black) and after the NALM (in red). In Fig. 4.12b,
we observe significantly less spectral broadening compared to the NOLM case but no oscillations
on the top of the spectrum appear. This explains the measured intensity autocorrelation in Fig.
4.12c where we observe the pulse pedestal to be completely suppressed. Again, the pulses are still

not short enough after the NALM but we find that the pulse pedestal can be completely suppressed
by a 50/50 NALM.

From Fig. 4.11 and 4.12, we have experimentally measured the output spectrum & pulse pro-
file after propagating through a 40/60 NOLM and a 50/50 NALM. Individually, the NOLM and
NALM are incapable of providing the necessary pulse parameters needed. The NOLM is incapable
of completely suppressing the sidelobes while the NALM’s pulse shortening capacity is limited.
However, by combining multiple NLMs, it is possible to achieve both high contrast and ultrashort
pulse durations. Fig. 4.13 shows how both a 40/60 NOLM and a 50/50 NALM can be used to

produce high contrast and ultrashort pulses.

Fig. 4.13a our experimental results of combining a NOLM and a NALM for producing ultrashort

high contrast pulses. The output of Fig. 4.11 is then pulse-picked by a factor of 64. Pulse-picking
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Figure 4.13: Experimental work of nonlinear pulse compression by cascading a 40/60 NOLM and
a 50/50 NALM on an EOM comb (with 2 phase modulators driven by an external RF synthe-
sizer at 10.5 GHz) locked and filtered by our 100k finesse etalon. a) Schematic diagram using
an EOM comb followed by a 40/60 NOLM and a 50/50 NALM. AOM: acousto-optic modulator,
SOA: semiconductor optical amplifier, ISO: fiber pigtailed isolator, PC: polarization controller,
PM: phase modulator, MZM: intensity modulator, EDFA: Erbium doped fiber amplifier, FPE:
100k finesse Fabry-Perot etalon, SMF: 540 m of standard single mode fiber, VCO: voltage con-
trolled oscillator, RF Amps: RF amplifiers, PS: RF phase shifter, Att: optical attenuator, LPF: low
pass filter, PID: proportional-integral-derivative controller, 40/60: 40/60 fiber optic coupler, D<0
HNLF: 100 m of normal dispersion HNLF with low loss splices to SMF28 pigtails, HX-PP: high
extinction electro-optic pulse-picker, 50/50: 50/50 fiber optic coupler, EDF: 2.6 m of Er40-4/125
erbium doped fiber pumped by a 1 W 976 nm laser diode, b) Optical spectrum of EOM comb (dark
blue), after NOLM (light blue), after NALM (red), c) Intensity autocorrelation of EOM comb (dark
blue), after NOLM (light blue), and after NALM (red), d) sampling scope trace after pulse-picking
(black) and after NALM (blue).

reduces the repetition rate of the pulse train from ~ 10.5 GHz to ~ 164 MHz (pulse-picking will be
discussed in detail in the next chapter). It is important to note that pulse-picking not only reduces
the repetition rate but also the average power in the pulse train by the same factor. The benefit is
that lower repetition rate pulses (assuming same average power) have higher pulse energies which
leads to higher nonlinearity. This means that less fiber is needed for the same amount of nonlinear
phase shift. The pulse-picked pulse train is then sent into a 50/50 NALM with fiber isolators at

the input and output. This NALM consists of a 50/50 coupler, fiber polarization controller, 1 m of
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SMF28, and 1 m of Liekki Er110-4/125 EDF pumped by a 1 W 976 nm laser diode. The optical
spectrum and intensity autocorrelation traces after each step are shown in fig. 4.13b, c respectively.
The HX-PP is used to downsample the repetition rate by a factor of 64 (from 10.5 GHz to ~160
MHz). By downsampling the repetition rate, higher peak powers with the same average power can
be obtained. However, the suppression of the adjacent pulses (extinction ratio of the pulse-picker)
is determined by several factors and is limited by the electronics. A saturable absorber can also be
used to enhance the extinction ratio of the pulse-picking process (shown in fig. 4.13d). From fig.
4.13b, the optical spectrum exhibits a smoother profile at the top while the autocorrelation trace in
fig. 4.13c shows a complete removal of the sidelobes after the NALM. In fig. 4.13d, the extinction
ratio of the pulse-picked EOM comb is shown to improve by ~15 dB. As a result, it is possible to

simultaneously obtain ultrashort pulses with high pulse contrast.

An issue that has not been clearly mentioned is that long lengths of non-polarization maintaining
optical fiber exhibit random polarization fluctuations. It has been shown by placing a polarization
controller inside a non polarization maintaining (PM) NLM and adjusting the polarization, the
switching state can be changed. Although the polarization controller can make it easier for a NLM
to be operated in switching mode, it also reveals an issue related to NLMs using long lengths of
non-polarization maintaining fiber. The same random polarization fluctuations in non-PM fibers
can cause the switching state to randomly change. The random fluctuations in the switching state
are also accompanied by changes in the output power. Considering modulators typically use a
micro polarizer that can handle limited power in the orthogonal polarization, this issue makes a
non-PM NLM difficult to work with over long periods of time. An alternative to this issue is

shown in Fig. 4.14.

Fig. 4.14 shows our experimental results in using a NALM with shorter fiber lengths. The
schematic, shown in Fig. 4.14a starts with the same EOM comb locked to the 100k finesse etalon as

shown in Fig. 4.12. Again, since the EOM comb is locked to the etalon, both foy & f,., are locked
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Figure 4.14: Experimental work of nonlinear pulse compression by using a short length 50/50
NALM on an EOM comb (with 4 phase modulators driven by an external RF synthesizer at 10.5
GHz) locked and filtered by our 100k finesse etalon. a) Schematic diagram of an EOM comb
followed by a short length 50/50 NALM. AOM: acousto-optic modulator, ISO: fiber pigtailed
isolator, PC: polarization controller, PM: phase modulator, MZM: intensity modulator, EDFA:
Erbium doped fiber amplifier, FPE: 100k finesse Fabry-Perot etalon, SMF: 250 m of standard
single mode fiber, VCO: voltage controlled oscillator, RF Amps: RF amplifiers, PS: RF phase
shifter, Att: optical attenuator, LPF: low pass filter, PID: proportional-integral-derivative controller,
HX-PP: high extinction electro-optic pulse-picker, 50/50: 50/50 fiber optic coupler, EDF: 2.6 m
of Erd0-4/125 erbium doped fiber pumped by a 1 W 976 nm laser diode, b) Optical spectrum of
EOM comb (black), after NALM (red), c) Intensity autocorrelation of EOM comb (black), and
after NALM (red).

to the etalon. The EOM comb is driven by an external synthesizer at 7xFSR of the etalon. The
EOM comb is then compressed using 250 m of SMF28 fiber and then amplified up to 300 mW by
an EDFA. The amplified and compressed EOM comb is then sent through an electro-optic pulse-
picker for downsampling the repetition rate by 64. The new repetition rate of the EOM comb after
the pulse-picker is ~164 MHz. After the pulse-picker a 50/50 NALM is used to both improve the

extinction ratio of the pulse-picker and compress the pulse. The NALM consists of 2.6 m of Liekki
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Er40-4/125 EDF pumped by a 1 W 976 nm lasers diode, a fiber polarization controller, 50/50 cou-
pler, and SMF28. The input of the NALM is spliced to a circulator to ensure the back reflected
light does not affect the previous components while the output of the NALM is spliced directly
to an isolator to prevent back reflections from entering the NALM. The total length of SMF28 in
the NALM from all components is roughly the same length as the EDF. Fig. 4.14b & c shows
the optical spectrum and intensity autocorrelation before the NALM (black) and after the NALM
(red) respectively. The optical spectrum after the NALM shows significant spectral broadening
compared to fig. 4.12b. We attribute this effect to the significantly higher pulse energy present in
the gain fiber section of the NALM which gives rise to additional spectral broadening inside the
gain fiber (which is common to both the clockwise and counterclockwise propagating pulses). This
additional nonlinear phase accumulation in both directions increases the total acquired nonlinear
phase which significantly decreases the pulse duration. Unfortunately, this increased nonlinear
phase accumulation also leads to the addition of sidelobes around the main pulse. This effect
is shown in 4.14c, where the output of the NALM still exhibits temporal sidelobes. The optical
spectrum in Fig. 4.14b also exhibits spectral oscillations as opposed to the proper pulse shaped
spectrum shown in Fig. 4.12b. Despite this, we are still able to obtain significantly shortened

pulses with better contrast than before the NALM.

Although the NALM in Fig. 4.14 is not fully switching, the output power and polarization is stable.
This is because the length of fibers used in the NALM are relatively short (under 10 m). Although
non-PM fibers can provide random polarization fluctuations, short lengths of fibers (< 10 meters)
do not exhibit enough random polarization fluctuations to cause an issue. This means that non-PM

fibers can still be used for low noise saturable absorption given the lengths are short.

Finally, we constructed two 50/50 NALMs both using 2.6 m of Er40-4/125 pumped by a 1 W
976 nm laser diode. Our experimental work of cascading NALMs is shown in Fig. 4.15. Fig.

4.15a shows the schematic of the OEO EOM comb followed by a cascade of NALMs. The system
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Figure 4.15: Experimental work of nonlinear pulse compression by using cascaded 50/50 NALMs
on an OEO EOM comb (EOM comb is generated by 4 phase modulators and one intensity modu-
lator driven by the OEO loop at ~ 10.5 GHz). a) Schematic diagram of OEO EOM comb followed
by cascade of 50/50 NALMs. OEO EOM: OEO EOM comb employing 1 intensity modulator
and 4 phase modulators (phase modulators placed after the etalon), B,: linear chirp from finisar
waveshaper, ISO: fiber pigtailed isolator, PC: polarization controller, EDFA: Erbium doped fiber
amplifier, 50/50: 50/50 fiber optic coupler, EDF: 2.6 m of Er40-4/125 erbium doped fiber pumped
by a 1 W 976 nm laser diode, HNLF1: 100 m of zero dispersion HNLF with low loss splices to
SMEF28 on each side, HNLF2: 100 m of normal dispersion HNLF with low loss splices to SMF28
on each side, b) Optical spectrum of EOM comb (black), after NALM 1(red), and after NALM 2
(blue), ¢) Intensity autocorrelation of EOM comb (black), after NALM 1(red), and after NALM 2
(blue).

starts with the OEO EOM comb shown in Fig. 2.20a generating an EOM comb driven by an OEO
at 7xFSR of our 100k finesse etalon. The OEO EOM comb is then compressed using a Finisar
waveshaper applying 4.75 % linear chirp. We note that the waveshaper can be replaced using
SMF28 without issue. We simply use the waveshaper to apply linear chirp for convenience. The

compressed EOM comb is then amplified to compensate for the losses from the waveshaper and

sent into the first NALM. The first NALM consists of 100 m of D = 0-£ sm HNLF (with low loss

nmk

splices to SMF28 fiber pigtails on each end), a fiber polarization controller, 50/50 coupler, and 2.6
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m of Liekki Er40-4/125 EDF pumped by a 1 W 976 nm laser diode. The input and output of the
NALM are directly spliced to fiber isolators to prevent back reflections from causing problems. The
output of NALM 1 is then compressed using another Finisar waveshaper. The second waveshaper
again only applies linear chirp, this time -0.22 % dispersion. NALM 2 consists of a 50/50 coupler,

fiber polarization controller, 2.6 m of Liekki Er40-4/125 EDF pumped by 1 W 976 nm laser diode,

and 100 m of D=-0.72 nm‘fkm HNLF with low loss splices to SMF28 fiber pigtails on each end.
Again, the input and output ports of the NALM are directly spliced to an isolator to prevent back
reflections from being an issue. Although these NALMs suffer from the same polarization stability,
we observed significant spectral broadening and pedestal reduction. This can be seen in the optical
spectrum and intensity autocorrelation traces in Fig. 4.15b & c respectively. The optical spectrum
shown in Fig. 4.15b shows the EOM comb (black), NALM 1 (red), and NALM 2 (blue) optical
spectrum. After the NALM 1, we see a sech like pulse with small spectral wings. After NALM 2,
we observe the optical spectrum to shift towards longer wavelengths and the bandwidth increases.
The shape of the spectrum after NALM 2 is also much closer to the classic sech pulse spectrum. In
Fig. 4.15c, the intensity autocorrelation after the EOM comb (black), NALM 1 (red), and NALM 2
(blue) is shown. The EOM comb exhibits high temporal sidelobes which are completely removed
after NALM 1. The autocorrelation FWHM drops almost by a factor of 2. After NALM 2, the
decrease in FWHM is less dramatic but we see the high pulse contrast is maintained. The change
in pulse shortening can be explained by the fact that an EOM comb’s time-bandwidth product is
.88 while the time-bandwidth product of a sech pulse is .315. Not only is there spectral broadening
taking place in the NALM, but the pulse is completely reshaped after NALM 1. After NALM 2,
the pulse shape is roughly the same and therefore any pulse shortening is just through increasing
the bandwidth. We observe the optical spectrum after NALM 2 to support sufficiently short pulses
with no pedestal energy for coherent octave spanning supercontinuum generation. Although the
transform limited pulse duration after the second NALM is ~ 240fs, the pulses are sufficiently

short and clean such that a nonlinear fiber amplifier can further compress the pulse duration to
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under 200 fs.

Although we have demonstrated an approach for generating ultrashort pulses with high contrast,
the NLMs produce randomly polarized light. How does one build a reliable low noise NLM for
high repetition rate sources? The only way to reduce the power necessary for switching in a NLM
without using a polarization controller is to use longer lengths of fiber. But long lengths of non-
PM fiber are the source of the fluctuations! There are two solutions to this predicament. One can
employ the polarization insensitive nonlinear optical loop mirror [72] or use only PM fiber and PM
couplers [73]. Although [73] only used a NOLM, a NALM is also possible using only PM fibers.
We were unable to obtain polarization maintaining highly nonlinear fiber suitable for NALMs in

time for this work. Future endeavors may involve using PM fibers and components for the NLMs.

We have experimentally demonstrated improvements in both pulse duration and pulse contrast
using nonlinear loop mirrors. In Fig. 4.13, we demonstrated the ability to completely remove the
pulse pedestal and reduce the pulse duration by nearly 10x. In Fig. 4.12, we demonstrated that the
pulse pedestal of the EOM comb can be removed in a single stage. We also discussed how Fig.
4.13 and 4.12 are sensitive to polarization fluctuations leading to using short lengths of fiber for a
NALM such as in Fig. 4.14. Although polarization fluctuations remain to be an issue for non-PM

NLM, we continue to employ a non-PM NALM as in Fig. 4.15.

This chapter discussed a cost-effective and fully fiber based alternative approach to producing
ultrashort pulses with high contrast. By using nonlinear loop mirrors, we have demonstrated com-
plete suppression of the EOM comb pedestal as well as reducing the pulse duration close to the
target or below 200 fs. Again, the pulse duration and the peak power are not at the target for gen-
erating coherent octave spanning supercontinuum generation. The generated pulses shown in this
chapter can be amplified to reach the targeted pulse parameters. This will be the subject of the next

chapter.
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CHAPTER 5: ULTRASHORT PULSE AMPLIFICATION

In the previous chapter, we have demonstrated significant improvement in the pulse contrast and
pulse duration of an EOM comb. Unfortunately, the pulse energies after the NLMs are still insuffi-
cient to reach our target (pulse energy > 0.2 nJ nJ & pulse duration < 200 fs for waveguides, pulse
energy > 1 nJ & pulse duration < 100 fs for fiber). In this chapter, we seek to construct an optical

amplifier that can meet our needs to reach the pulse parameters.

Ultrashort pulse amplification in Erbium doped fiber amplifiers

Erbium doped fiber amplifiers (EDFA) are currently the most popular gain medium for amplifying
light in the telecom band. They exhibit significantly less optical nonlinearities compared to semi-
conductor optical amplifiers and are capable of reaching much higher output powers. EDFAs are
also capable of providing over 20 dB of gain with low noise figure. Due to the commercial popular-
ity, EDFAs are easy to purchase. However, for nano-joule pulse energies, commercial EDFAs are
not a viable option. This is due to a variety of factors ranging from the amplifier length, the types of
fibers used in the EDFA, and even the pump source. For amplification of ultrashort pulses, several
parameters must be considered. To low dispersion over the amplifier, short Erbium doped fiber
lengths must be used. To achieve the necessary gain for a short length of gain fiber, highly doped
fibers must be used. At the same time, it is helpful to select a gain fiber with normal dispersion
(dispersion parameter < O ps/nm/km) to ensure pulse breakup due to soliton compression does
not occur. As previously mentioned, nonlinear propagation in anomalous dispersion fiber leads
to soliton compression while nonlinear propagation in normal dispersion fiber leads to parabolic
pulse propagation. The mode field diameter (MFD) of the gain fiber is also important as a reduced

MED results in a higher nonlinear coefficient. Last but not least, one must consider the desirable
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Name Output | EDF length | Pump direction | Dispersion: Peak core Mode field
power | (m) (Normal or absorption diameter
(mW) anomalous) (d_B) (um)
m
80 .8 6.5

Erl10 Co-propagating Normal 110

Er80 HD- 150 1.1 Co-propagating ~ Normal 80 6.5
PM

Er40 210 2.6 Co-propagating Normal 40 6.5
M12 280 5.5 Co-propagating Normal 20

Figure 5.1: Measured output powers using an input of 1 mW CW at 1550 nm and a 1 W 976 nm
pump laser for various Erbium doped fibers.

output power. Unlike Ytterbium, Erbium exhibits a significantly lower absorption cross section,
excited state absorption, and quenching effects. These factors lead to a lower pump to output
power conversion efficiency. High output powers in highly doped Erbium doped fibers necessitate
significantly higher pump availability. With all of these considerations in mind, we choose to use
the Liekki-Er110-4/125 and Er40-4/125 Erbium doped fibers for our home-built EDFAs. Other
gain fibers from other companies (EDF80 or EDF150 from OFS) could be purchased, but their
nonlinear coefficient (as a result of a smaller core size) is much larger which can complicate our
design. Figure 5.1 shows a table of experimentally measured saturation powers for various Erbium

doped fibers using a 1 W 976 nm pump diode.

From Fig. 5.1, we observe an increase in output power for lower peak core absorption (which
implies lower doping density). At the same time, a longer length of Erbium doped fiber (with
lower doping density) is used to achieve higher output powers. Fig. 5.1 also gives a first step
in determining what type of fiber and length would be required for a desired output power. If
even higher average powers are required, then additional pump power must be available. It is
important to note that the output end of the EDF was flat cleaved and spliced to a fiberized isolator

with SMF28 pigtails. Currently, the highest power single mode laser diode centered at 980 nm
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on the market can provide up to 1 W of power (976 nm laser diodes also work for pumping EDF
and they exhibit the same output power as 980 nm laser diodes). For a single mode laser diode
centered at 1480 nm, that power is 0.6 W. Although the power out of the 980 nm laser diodes is
higher, the conversion efficiency of pumping at 1480 nm is roughly double that of pumping at 980
nm. This means that pumping at 1480 nm was a better option for achieving higher output power.
Due to the increased conversion efficiency, pumping at 1480 nm produces less heat in the fiber
compared to pumping at 980 nm. The increased heat load can manifest itself in the output light
as a constant fluctuation in output polarization of the fiber (assuming non polarization maintaining
fiber). Various pumping schemes for fiber based amplifiers are shown in Fig. 5.2. The three
pump schemes shown are co-propagating pump, counter propagating pump, and bi-directionally
pumped. The co-propagating pump case has the pump light traveling in the same direction as the
signal light. The counter propagating pump case has the pump light traveling the opposite direction
as the signal light. The bi-directionally pumped case is when the gain fiber is pumped with pump

light from both ends.

Fig. 5.2 shows the different methods in which single transverse pump light can be sent into an
EDEF. The co-propagating pump scheme shown at the top has the pump light and signal light prop-
agating in the same direction. The counter propagating pump scheme shown in the middle has the
pump light and signal light propagating in opposite directions. The bi-directional pumping scheme
shown at the bottom is a combination of the co-propagating and counter propagating schemes.
It is important to note that an isolator is placed at the output to ensure the optical gain is only
absorbed by the signal light. The different pump schemes have different properties and will not
be discussed here. Although not recorded in Fig. 5.1, we have observed higher output powers
when counter propagating the pump light with respect to the signal. However, counter propagating
the pump with respect to the signal produces more ASE at the output end of the EDFA. Unfortu-

nately, the maximum output power with these pumping schemes is still limited due to the available
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Co-propagating pump

Pump
laser

Bi-directional pump

Figure 5.2: Various pump configurations in fiber. From top to bottom: co-propagating pump,
counter propagating pump, and bi-directional pump.

pump powers. Fig. 5.3 shows several methods of combining several pump diodes. This allows for
the output power of an EDFA to be extended even further by introducing additional single mode

pumps.

The pump combining techniques in Fig. 5.3 are polarization based, spectral, and a combination
of the two. Spatial pump combining is not an option for commercially available components for

single mode fiber based devices. In polarization pump combining, the pump light is combined onto
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Figure 5.3: Fiber pump combining architectures. From top to bottom: Polarization beam combin-
ing, spectral beam combining, and polarization plus spectral beam combining.

a single fiber using a polarization beam splitter/combiner (PBS/PBC). In spectral pump combining,
the pump light is simply combined onto a single fiber by using a 1480/1550 WDM and then a
980/1550 WDM. Reversing the order of WDMs would require custom made WDMs to ensure
minimal loss of the pump light. The combination of spectral and polarization beam combining
is shown at the bottom of the figure. It is critical to note that isolators on the pump sources

would prevent random injection locking events on the pump laser diodes when bi-directionally

98



pumping the gain fiber. Unfortunately, the inclusion of isolators degrades the total available pump
power. Even with polarization and spectral beam combining in a bi-directional pumping scheme,
the output power of the EDFA is limited to only 1 W (assuming a conversion efficiency of 50%).
It 1s also important to note the selection of components. Some vendors use tapered fibers for
the WDMs while others may use micro-optics for the WDMs. The micro-optics based WDMs
typically handle less than 1 W of optical power while the tapered fiber based components handle
5 W of optical power. At the same time, tapered fiber based components have a significantly
smaller operating bandwidth than the micro-optics based components. The next section presents

two alternative pump sources for obtaining even higher output powers from an EDFA.

Watt Class EDFAs

In the previous section, we discussed several methods of core pumping an Erbium doped fiber.
Core pumping relies on single mode pump sources and requires the gain fiber’s core to be doped
with rare earth elements. However, the output power of any fiber amplifier is limited by the total
available pump power. Single mode laser diodes are limited in power due to a variety of reasons

which limits the available pump power.

An alternative is to use a double clad gain fiber and a multi-mode laser diode. Unlike their single
mode counterparts, multi-mode diodes offer significantly higher output powers (100 W and above)
which can be used to achieve even greater output powers in an optical amplifier. However, double
clad Erbium doped fibers typically have a low pump absorption which necessitates a long amplifier
length.In addition, most companies do not spec the dispersion parameter in double clad gain fibers.
This makes selection of double clad gain fibers for pulsed operation challenging. One method to
avoid the nonlinear interactions inside the amplifier (assuming a long length of fiber is unavoidable)

is to employ chirped pulse amplification (CPA). A schematic of employing CPA is shown in Fig.
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Figure 5.4: Conceptual diagram of chirped pulse amplification.

5.4.

By pre-stretching a pulsed input to a fiber amplifier, the nonlinearity of the amplifier is significantly
reduced. This is because the nonlinearity is proportional to the length of the amplifier, the effective
area, and the power. By pre-stretching the input, the peak power is significantly reduced. An issue
with this approach is that it requires additional components such as a pulse stretcher and a pulse
compressor. The pulse stretcher can be realized by using chirped fiber bragg gratings (CFBGs)
or even a 4f grating compressor/stretcher. However, additional caution must be exercised when
building the pulse compressor. This is because the whole point of using CPA was to avoid fiber
nonlinearities in the amplifier. Re-compressing the pulse after the amplifier requires a free-space
compressor or hollow core fiber (HCF) such that the nonlinearities are reduced. Since SMF28
exhibits anomalous dispersion at 1550 nm, entering the fiber with high peak power pulses would
result in soliton compression (which as previously stated can result in pulse splitting or severe
pulse pedestals). This option usually requires hollow core fibers and is more difficult in practice to
implement. The most common option for re-compressing pulses after CPA in a fiber amplifier is to
compress the pulse in free space. However, a free space compressor also has loss (whether it’s from
each component or from coupling back into fiber). Finally, if the compressed pulses are to SMF28
again, the length must be kept extremely short to avoid pulse splitting. The length of SMF28

that is tolerable depends on the pulse peak power after recompression and must be simulated to
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Figure 5.5: Schematic for a cascaded Raman fiber laser. RIG: Raman cavity input grating, HR:
high reflector, ROG: Raman cavity output grating.

know. The main takeaway is that employing CPA for obtaining high peak power pulses in a fiber
amplifier requires one to think carefully about how to re-compress the pulse after the amplifier.
It also requires simulations to give an idea of how much nonlinearity will be induced after the

compressor stage as the output would still need to be inside single mode fiber.

Another approach to obtaining high output powers using an EDFA would be to use a Raman
fiber laser as a pump source. A schematic of a Raman fiber laser is shown in Fig. 5.5. The
cascaded Raman fiber laser (RFL) shown in Fig. 5.5 starts with an Ytterbium (Yb) doped fiber laser
operating at 1117 nm. Unlike other rare earth doped fiber lasers, Yb lasers have been demonstrated

to produce extremely high output powers (multi-kW).

A high power Yb fiber laser can easily be built by using double clad Yb doped fiber and using
multi-mode laser pump diodes at 976 nm. The high power laser centered at 1117 nm is then
frequency down shifted using the Raman nonlinearity. In silica glass, the peak Raman gain is ~13
THz away from the pump light. The Raman resonator is formed by using fiber Bragg gratings
(FBG) with high reflectivity at the specific wavelengths of the peak Raman shifted pump. This

produces a cascaded effect of stimulated Raman scattering (SRS) where the initial 1117 nm pump
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light is frequency converted in several steps to 1480 nm. This process has been found to be fairly
efficient in generating over 100 W of single mode CW light centered at 1480 nm [74]. The RFL
output at 1480 nm then becomes a high power laser that can be used to core pump an Erbium doped

fiber.

We were able to acquire two Raman fiber lasers with an output centered at 1470 nm and an output
power of 3 W. In theory, simply combining the RFL and the signal light into an Erbium doped
fiber would be sufficient for building a high power EDFA. In practice, when the gain of an EDFA
is high enough, the output end of the Erbium doped fiber needs to be angle cleaved and spliced to
the output delivery fiber [22]. By angle cleaving the output end of the Erbium doped fiber, Fresnel
reflections (due to the index mismatch between EDF and SMF28/free space) do not couple back

into the core. Instead, the Fresnel reflection is coupled into the cladding where no gain is present.

In our experiment, we configured the EDFA in a co-propagating pump configuration using a 3 W
RFL centered at 1470 nm as the pump source. We used roughly 4.5 m of Liekki Er40-4/125 as the
gain fiber and cleaves of at least 8 degrees to reduce back reflections. The gain fiber used has a
numerical aperture of .2 which leads to an acceptance angle of =~ 8°. By cleaving the gain fiber at
an angle greater than the acceptance angle, we expect to significantly reduce the back reflections
that can take away gain from our signal. The output end of the gain fiber is spliced to a high power
isolator with SMF28 leads. To protect the preceding stages of our steup, we spliced a high power

isolator to the input end of the WDM.

After splicing the output end of the gain fiber to the isolator, we employed a cutback method to
optimize the gain fiber length. The input end of the gain fiber was flat cleaved to expedite the op-
timization process. To test the output power of the home-built power amplifier shown in Fig. 5.6,
we preamplified a CW laser (1550 nm) to 40 mW, then powered the pump laser. We measured an

output power of 1.55 W using a free-space power meter. An optimized splice recipe for the angle
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Figure 5.6: Schematic diagram for testing home-built EDFA using RFL. ISO: 5 W power handling
fiber isolator, WDM: 1480/1550 wavelength division multiplexer, Er40-4/125: 4.5 m of Liekki
Erbium doped fiber Er-40-4/125.

cleaved gain fiber should yield higher output powers. However, we still observe an improved con-
version efficiency of at least 50% compared to other works demonstrating a conversion efficiency

of 40% [22], [75].

Although we built a Watt class EDFA with a short gain fiber length, we are still unable to reach
pulse energies of 1 nJ at a repetition rate of 10 GHz. To reach such pulse energies at 10 GHz,
we would need 10 Watts of output power. Not only is that difficult because of the required pump
power (20 W of pump required to obtain 10 W of output power), it is also difficult to find parts
that can handle that much power. Our WDM for combining the pump and signal lights can only
handle 5 Watts max. To avoid destroying components, we seek an alternative method to reducing

the power constraints.

Gain narrowing

We discussed how to build EDFAs with an emphasis on pulsed input. An additional concern that
we have yet to mention but observed is gain narrowing. Gain narrowing occurs when the input
bandwidth is comparable to the gain spectrum of the amplifier. The amount of gain narrowing

a pulse experiences is dependent on the amount of gain the amplifier provides. Gain narrowing
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Figure 5.7: Experimental data demonstrating gain narrowing in a commercial 2 W EDFA. a)
Schematic for generating broad bandwidth pulses followed by an EDFA producing gain narrowed
pulses. B,: linear chirp from finisar waveshaper, ISO: fiber pigtailed isolator, PC: polarization
controller, EDFA: Erbium doped fiber amplifier, 50/50: 50/50 fiber optic coupler, EDF: 2.6 m of
Er40-4/125 erbium doped fiber pumped by a 1 W 976 nm laser diode, HNLF1: 100 m of zero dis-
persion HNLF with low loss splices to SMF28 on each side, HNLF2: 100 m of normal dispersion
HNLF with low loss splices to SMF28 on each side. b) optical spectrum after NALM 2 (red) and
after final EDFA (black).

occurs because the center of a pulse spectrum absorbs higher gain than the wings of the pulse
spectrum. Previous work on self-referencing mode-locked fiber lasers was done using significantly
lower repetition rates than 10 GHz. This means that to achieve the required pulse energy for
supercontinuum generation, much lower average powers were required (and consequently less
gain). To achieve 1 nJ pulse energies at a repetition rate of 250 MHz, only 250 mW of average
power is required. To achieve 1 nJ pulse energies at a repetition rate of 10 GHz, 10 W of average
power is required. This entails significantly higher gain is required for the high repetition rate case
which leads to significantly more gain narrowing. Fig. 5.7 shows our experimental data showing
gain narrowing in the lab. The schematic shown in Fig. 5.7a starts with the OEO EOM comb from

Fig. 2.20 which is compressed with linear chirp. The OEO EOM comb is then reshaped through
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a cascade of 50/50 NALMs as shown in Fig. 4.15a. The output after NALM 2 is then pre-chirped
before entering a commercially built 2 W EDFA with normal dispersion gain fiber. The final EDFA
uses a double clad fiber pumped by a multi-mode 976 nm laser diode. Fig. 5.7b shows the optical
spectrum after NALM 2 (red) and after the 2 W EDFA (black). From Fig. 5.7b, we observe a
significant reduction in the optical spectrum. Initially, the output spectrum of NALM 2 supported
~ 240 fs pulses. But the output spectrum after the EDFA barely supports sub-500 fs pulses. We
will discuss our solution to the complicated amplifier design criteria in the following sections. It
is important to note that previous work in self-referencing an EOM comb also encountered this
issue [17]. The current solution has been to either flatten the optical spectrum or to use longer

input pulses to the power amplifier.

Pulse-picking

Pulse-picking is a process in which the repetition rate of a pulse train is downsampled by an integer
factor. This is done by employing a temporal gate signal that allows only 1 in every N pulses in the
pulse train. The downsampling reduces the repetition rate by N and reduces the average power in
the pulse train by N. By reamplifying the pulse train (after pulse-picking), significantly higher pulse
energies can be obtained. This is generally the case because an optical amplifier often saturates at
a particular average power due to gain saturation. Keeping in mind that pulse energy E), ~ Py, Tep,
if the average power is clamped by the gain medium, the only option to increase pulse energies
would be to reduce the repetition rate. In practice, pulse-picking for high repetition rates (1 GHz
and above) becomes challenging. Fig. 5.8 shows a conceptual diagram of pulse-picking in the time

domain.

At the top of Fig. 5.8, a pulse train with a high repetition rate is shown in blue. For the pulse-

picker to generate a synchronized gate signal, it must receive an external divided down clock
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Figure 5.8: Conceptual diagram of pulse-picking in the time domain.

signal (shown in green). From the synchronized clock, the gate signal is generated (shown in
red), which is used to temporally select a single pulse within the repetition rate (shown at the bot-
tom). Theoretically, this process is simple because one needs to simply provide the input pulse
train, the pulse-picker, and a synchronized divided down signal. In practice, high repetition rate
sources are more difficult to pulse-pick because of the short gate signal required to effectively sup-
press adjacent pulses. For example, to pulse-pick a 10 GHz repetition rate pulse train to 1 GHz,
the gate signal’s rising and falling edges together must be shorter than 100 ps. In practice, this
typically entails a gate signal with a FWHM < 50 ps. Otherwise, insufficient extinction in the
pulse-picking process would occur and give rise to additional noise. In addition to the pulse gener-
ator requirements, the pulse-picker must have enough bandwidth to even respond to the electrical
pulse. Unfortunately, acousto-optic modulators and SOA’s have insufficient electrical bandwidth
for pulse-picking repetition rates of 1 GHz and above. Our only option is to use electro-optic

modulators for pulse-picking despite having a lower extinction ratio.
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Pulse-pick by 64

From the previous sections, we have discussed how pulse-picking can be used to relax the re-
quirements on an optical amplifier for providing nano-joule pulse energies with sub-100 fs pulse
durations. Since our oscillator has a repetition rate of ~10.5 GHz, we would need 10.5 W of av-
erage power to reach 1 nJ pulse energies. From the previous sections, it is extremely difficult to
obtain even 1 W of average power with single mode pump diodes. Although options for building
and obtaining Watt class EDFAs are available, several Watts of output power is still beyond our
capability. These issues can be alleviated by downsampling the repetition rate by larger factors. In
this section, we discuss pulse-picking a 10.5 GHz pulse train down to ~164 MHz. By reducing
the repetition rate by 64 times, the average power is reduced by 18 dB and the new repetition rate
becomes fy., ~ 164 MHz. At the same time, only 164 mW of average power is required to reach
1 nJ of pulse energy. This significantly relaxes the design requirements on EDFAs and allows us

to use single mode laser diodes for pumping the EDF.

A sampling scope trace of the electrical gate signal used for pulse-picking our 10.5 GHz pulse train

down to 164 MHz is shown in Fig. 5.9.

Although the gate signal in Fig. 5.9 is incapable of providing complete extinction of adjacent
pulses for pulse-picking, it is still possible to employ saturable absorption to enhance the extinction
ratio. This was done in Fig. 4.13 and 4.14 using a 50/50 NALM to simultaneously enhance the
extinction ratio and reduce the pulse sidelobes. Ideally, the next step would be to simply amplify

the pulse-picked pulse train and obtain ultrashort pulses.

Fig. 5.10a shows the schematic for an EOM comb using four phase modulators and one intensity
modulator driven by a common RF synthesizer at ~10.5 GHz that is locked & filtered by a 100k

finesse etalon. The EOM comb is first compressed using 222 m of SMF28 fiber, amplified up to
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Figure 5.9: Sampling scope trace of our electrical gate signal with a repetition rate ~164 MHz.

a)

| Wrremrer—————— |
Electrical Pulse
G

e Optical

= RF

50/50 NALM
HX Pulse-Picker Finisar —[>->
comb
SMF28 Free-space EDFA
polarizer
— 1.0 - ‘ -
EDFA out f ——EDFA out
151 A I
- \ = 0.8 |
E .20 | \f\f ‘ 3 ‘
g /V\ ‘V \ :; } FWHM: 65 fs
S 26 ™ (, % 0.6 )
° / Yo Y
2 ,/ i \ g I
£ ‘ | £ 04 o
R L’ 9 i
< r; N\ » a5 | ‘
s ] Al
/ LA
""ﬂ. -
-40 . . : ‘ 0.0 fomsee S s A
b) 1450 1500 1550 1600 1650 c) -0.8 -06 -04 -02 00 02 04 06 038
Delay (ps)

Wavelength (nm)

Figure 5.10: a) Experimental setup for generating ultrashort high peak power pulses seeded by
an EOM comb. EDFA: erbium doped fiber amplifier, ISO: fiber isolator, HX pulse-picker: high
extinction electro optic pulse-picker, +64: divide by 64 countdown trigger box, EDF: 2.6 m of
Liekki Er40-4/125 Erbium doped fiber, Att: adjustable optical attenuator. b) Optical spectrum
after the final EDFA. c) Intensity autocorrelation after the final EDFA.
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300 mW, pulse-picked by 64, and then reshaped by a 50/50 NALM. The output of the NALM
is then fed into a finisar waveshaper as a tunable dispersive delay line and then sent through a
home-built EDFA using 2.6 m of Er40-4/125 EDF. Prior to the finisar waveshaper, the setup and
diagnostics are exactly the same as in Fig. 4.14. The home-built EDFA amplifies the pulses up to
250 mW while 1.5 m of SMF28 fiber is used to compress the output pulses. The optical spectrum
and intensity autocorrelation after the EDFA are shown in Fig. 5.10b and c. From the intensity
autocorrelation, we observe a significant amount of temporal compression as the pulse duration
is under 65 fs. These pulse properties are suitable for coherent octave spanning supercontinuum

generation and will be explored in chapter 6.

Pulse-pick by 8

We have discussed the benefit to pulse-picking, however, it is not clear how pulse-picking can
affect the coherence of supercontinuum generation. Few works in the literature give a clear answer
on whether pulse-pick factor can be a decoherence mechanism for supercontinuum generation. It
has been mentioned in the literature that pulse-picking does not affect the coherence of a generated
continuum [76], but pulse-picking a 250 MHz repetition rate laser and a 10 GHz one are very
different due to the required gate pulse duration. In this section, we combine the previous section’s

discussion on high power EDFAs with the OEO EOM comb.

Unfortunately, the gate signal shown in Fig. 5.9 on it’s own does not provide sufficient extinction
for adjacent pulses at a repetition rate of 10.5 GHz. The previous section showed that a NALM can
be used to enhance the extinction. However, the inclusion of the NALM adds additional ASE after
the etalon in the pulse train. The additional ASE can become a problem for generating coherent
octave spanning supercontinuum generation (which is the topic of the next chapter). The pulse

generator shown in Fig. 5.9 also cannot operate at higher frequencies (repetition rate bandwidth:
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Figure 5.11: Sampling scope trace of newly acquired electrical pulse generator operating at a
repetition rate of 1.3 GHz.

20 MHz - 200 MHz), meaning the pulse-pick rate is set to a maximum of 200 MHz. To remedy
these issues, we purchased a new electrical pulse generator. A sampling scope trace of the output

of the pulse generator operating at 1.3 GHz is shown in Fig. 5.11.

Fig. 5.11 shows a sampling scope trace of the new electrical pulse generator operating at a rep-
etition rate of 1.3 GHz (~ %). The output of the pulse generator is attenuated by 20 dB to
ensure the sampling scope is not overloaded. We observe that not only does the new pulse gener-
ator offer significantly shorter pulses, but the rising and falling edges lie within less than 100 ps.
The limited extinction ratio in the sampling scope trace is due to the external attenuation which

prevents observing the full dynamic range of the signal.
With the new electrical pulse generator and a tunable optical cavity, we are in a position to demon-
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Figure 5.12: Experimental schematic for generating ultrashort high contrast pulses with pulse
pick rate of 8. EDFA: erbium doped fiber amplifier, NALM 1: nonlinear amplifying loop mirror,
PM: phase modulator, f3,: linear chirp applied by Finisar waveshaper, DCF: 0.7 m dispersion
compensating fiber, FPE: Tunable ~ 600 finesse etalon, ISO: fiber isolator, HX-PP: high extinction
pulse-picker, Att: RF attenuator, synth: RF synthesizer operating at 900 MHz, RF Amp: RF
amplifier, PD: photodiode, PZT: high voltage piezo driver, LPF: low pass filter, PID: proportional-
integral-derivative controller, EPG: electrical pulse generator.

strate an even lower noise architecture for generating ultrashort high contrast pulses. This is shown

in Fig. 5.12. The diagnostic traces for this architecture are shown in Fig. 5.13.

The experimental setup shown in Fig. 5.12 starts with the same OEO EOM comb from Fig. 2.20
followed by NALM 1 shown in fig. 4.15. Unlike Fig. 4.15, NALM 2 is not used. The output of
NALM 1 is then fed into another finisar waveshaper providing only linear chirp. We again note
that the waveshaper can be replaced with single mode fiber and was used only as a convenience.
The pulses were then sent through a phase modulator for PDH locking of the tunable Fabry-Perot
etalon. A fiber polarizer (not shown) is placed prior to the phase modulator to protect it from
polarization fluctuations. Prior to entering the etalon, the pulses were amplified by two EDFAs.
The first EDFA acts as a preamplifier while the second EDFA (double clad EDFA) is used to
amplify the pulse train up to 1.5 W average power. The usage of a preamplifier is to reduce

the amount of ASE incurred by high gain amplification. The 1.5 W average power pulses were
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Figure 5.13: Diagnostic traces of the new all fiber approach to generating high contrast ultrashort
pulses for supercontinuum generation. a) optical spectrum of OEO EOM comb output (green),
NALM 1 output (blue), tunable etalon throughput (red), final EDFA output (black). b) Intensity
autocorrelation traces of OEO EOM comb output (green), NALM 1 output (blue), tunable etalon
throughput (red), final EDFA output (black). ¢) Sampling scope traces before pulse-picker (black)
and after pulse-picker (red).

then sent through 0.7 m of DCE. The DCF was used to compensate for the chirp incurred by the
following fiber circulator, fiber pigtails on the fiber launchers (for etalon coupling), fiber pigtails on
the high extinction pulse-picker, and other lengths of fiber. Unfortunately, the DCF splice exhibited
high losses necessitating amplification to 1.5 W. The tunable etalon used is the same as the ~ 600
finesse tunable etalon shown in fig. 3.9. To ensure the pulse-picker was properly saturated, the
output power of the double clad EDFA was set to ensure ~ 24.5 dBm of average power made it to
the pulse-picker. The pulse-picker downsampled the repetition rate by a factor of 8 from ~ 10.5
GHz to ~ 1.3 GHz. It is important to note that the pulse-picker has an integrated polarizer that can
only handle 15 mW in the orthogonal polarization. To protect the pulse-picker from polarization
fluctuations caused by the double clad EDFA, an external fiber polarizer and polarization controller
were used. The pulse-picked pulse train was then sent through a final finisar waveshaper to again
apply only linear chirp prior to the final EDFAs. We again used two EDFAs to reduce the total
incurred ASE from amplification. The optical spectrum is shown in Fig. 5.13a with the OEO

EOM comb output (green), NALM 1 output (blue), etalon throughput (red), and the final EDFA
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output (black). The intensity autocorrelation is shown in Fig. 5.13b with the OEO EOM comb
output (green), NALM 1 output (blue), etalon throughput (red), and the final EDFA output (black).
The sampling scope trace before the pulse-picker (black) and after the pulse-picker (red) is shown
in Fig. 5.13c. We observe after output of the NALM, the output of the tunable etalon exhibits a
much broader optical spectrum but shifted towards longer wavelengths. At first, the runs contrary
to the previously mentioned issue of gain narrowing. Since we started with less optical spectra
when entering the double clad EDFA, the effect of gain narrowing was reduced. In addition, we
observe the shorter wavelength side to have been reduced after the double clad EDFA while the
longer wavelengths have been added. This effect has been observed in [77] where the combination
of a normal dispersion gain medium and SPM resulted in generating broad optical spectrum on the
longer wavelength side of a pulse whereas the shorter wavelength side gained no additional spectra.
We also observed the output pulses after the double clad EDFA to be linearly chirped. In [77], it’s
shown that significantly broader optical spectra can be obtained by simply amplifying the pulse
train to higher output powers. The condition for generating such clean broadening are to start with
a center wavelength close to the peak absorption & gain wavelengths of the amplifier and normal
dispersion gain fiber. The highly linear chirp is also reflected in the intensity autocorrelation trace
after the etalon in Fig. 5.13b. The output of the etalon pulses are linearly chirped with no sidelobes

incurred by higher order dispersion.

The final EDFA again uses normal dispersion gain fiber and is used for additional spectral broad-
ening. The gain fiber in the final EDFA is spliced to SMF28 which is capable of compressing the
pulses closer to the transform limit. We measured an intensity autocorrelation FWHM of 250 fs
after the final EDFA. We note that increasing the output power of the final EDFA would result in
even shorter pulses with higher average power. Finally, the new electrical pulse generator is found
to suppress the adjacent ~ 10.5 GHz pulses. The newly generated pulses are sufficiently short and

powerfuly enough for supercontinuum generation in waveguides.
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In this chapter, we discussed amplification of ultrashort pulses in fiber amplifiers. We started the
discussion with parameters on EDF. We covered the different pump sources that are used in these
Watt class EDFA’s as well as the types of fibers. Then, we discussed practicalities associated with
such high power amplifiers and shifted our focus to reducing the necessary powers using pulse-
picking. Through pulse-picking, we have demonstrated an approach for generating 1 nJ pulse
energies shorter than 100 fs. We have also demonstrated a lower noise approach for generating
200 pJ pulse energies shorter than 200 fs which are sufficient for coherent octave spanning super-
continuum generation through nonlinear waveguides (as opposed to fiber). The next chapter will

discuss coherent octave spanning supercontinuum generation in more detail.
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CHAPTER 6: COHERENT OCTAVE SPANNING SUPERCONTINUUM
GENERATION FOR CARRIER-ENVELOPE-OFFSET FREQUENCY

DETECTION

Supercontinuum generation, also known as white light generation, is a process where the spectral
bandwidth of a source significantly increases. Several research articles have been published on this
process using various optical media and various sources. However, for our purposes, we require an
octave of coherent spectral bandwidth (1 — 2um) to measure the carrier-envelope-offset frequency.
An excellent review on the desirable pulse properties for generating a coherent supercontinuum can
be found in [78]. Although the literature has stated the need for pulse energies of 1 nJ and sub-100
fs pulse durations [79], this is applicable to solid core highly nonlinear fiber and photonic crystal
fiber. Nonlinear waveguides have been used to generate coherent octave spanning supercontinuum
generation with only a fraction of the pulse energies required for fiber [80], [81]. Despite the

wealth of research on the topic, it is important to know how it works.

Theoretical background: Supercontinuum Generation

The master equation for simulating supercontinuum generation is known as the Nonlinear Schrodinger
equation (NLSE). It is simply a pulse propagation equation which takes into account the dispersion
of the guiding medium and the nonlinearity of the medium. Eq. 6.1 is the generalized NLSE for
optical fiber. However, nonlinear waveguides use a similar equation for simulating supercontinuum

generation.
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Equation 6.1 is the generalized NLSE with all the dispersion and nonlinear terms in fiber incorpo-
rated [79]. Given the pulse properties, fiber nonlinear coefficient, loss, and full dispersion profile of
the fiber, it is possible to numerically solve this equation using the split-step Fourier method or the
ODEA45 solver in MATLAB. Experimental data will be discussed in the next section. The coher-
ence and spectral broadening in supercontinuum generation is heavily dependent on the dispersion
properties of the fiber. Significant work in literature has been dedicated towards discussing the
different mechanisms behind spectral broadening in various regimes. Pumping with pulse widths
shorter than 100 fs has been shown to produce coherent spectral broadening while pumping with
pulse widths greater than 100 fs has been shown to produce less coherent spectra. In the literature,
soliton order or soliton number have been used to describe the pulse contrast. With higher soliton
orders referring to pulses with greater pedestal energy as opposed to energy in the peak. It has also
been shown that higher soliton orders produce incoherent supercontinuum, hence the need for low

pedestal ultrashort pulses with sufficient pulse energy.

The form of spectral broadening is most affected by the dispersion properties of the fiber. Pumping
in the normal dispersion regime gives rise to broadening dictated almost solely by SPM. This is be-
cause both normal dispersion and SPM act as mechanisms to stretch the pulse along propagation;
reducing the pulse peak power and nonlinear effects associated. The result is a continuum with
significantly less spectral broadening per unit length with high coherence. Pumping in the anoma-
lous dispersion regime gives rise to a host of nonlinear effects due to soliton propagation. Soliton
propagation occurs because SPM generates additional colors and a linear chirp at the center of the

pulse. The anomalous dispersion of the medium acts to compensate the linear chirp while the pulse
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propagates. When considering supercontinuum generation, the dispersion of the medium and the
nonlinearity act to constantly compress the pulse while it propagates through fiber. Since the pulse
duration is decreasing while propagating, the peak power is increasing during propagation along
the fiber. The peak power induced by soliton effects allows for a host of various other nonlinear
effects such as stimulated Raman scattering, optical shock, modulation instability, and more to
occur. As a result, the spectral broadening per unit length is much larger but the coherence is typ-
ically much worse. Pumping at the zero-dispersion regime gives rise a mix of the aforementioned
nonlinear effects. The normal dispersion side experiences little broadening due to the reduced peak
power while the anomalous dispersion side experiences significant nonlinear effects due to soliton
propagation. These effects are the same as mentioned in chapter 4 using a shorter length and even

higher nonlinearity.

The spectral broadening associated with different dispersion parameters in fiber is shown in Fig.
6.1, 6.2, and 6.3. These figures are generated in Matlab using code from [79]. The fiber properties
such as dispersion, attenuation, and nonlinear fiber coefficient are obtained from commercially
available HNLF from Thorlabs. The dispersion parameter was obtained by applying polynomial
fit curves to compute the higher order dispersion terms from the raw data provided on their website.
The input pulse parameters to each of these fibers are the same with 10 kW of peak power, pulse
profile of sech?, and a pulse duration of ~70 fs. We stress that dispersion is the only parameter

changing and that y & o are the same in each simulation.

Fig. 6.1 shows a spectrogram of the aforementioned pulses propagating in 0.5 m of Thorlabs
HN1550. The dispersion terms used are as follows: B, = 1.311094521886622 x 10*27%,[33 =
6.851657004159531 * 10_42%,[34 = 2.597946354769162 10_55%,[35,10 = 0. Although normal
dispersion HNLFs have been shown to produce purely coherent spectra, the spectral broadening
is extremely limited. This can be seen in Fig. 6.1 where the generated optical spectrum doesn’t

even reach 1.2um. This makes the normal dispersion HNLF unsuitable for measuring f..,. We
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Figure 6.1: Supercontinuum generation simulation pumping .5 m of Thorlabs HN1550 with sech
pulses of 10 kW peak power and ~ 70 fs. Left: Spectral evolution of pulse, middle: temporal
evolution of pulse, right: spectrum of pulse after .5 m in HNLF.

also observe the shape of the output spectrum to resemble a parabola. This is caused by the
previously stated effects where the normal dispersion coupled with SPM act to constantly stretch
the pulse along propagation of the fiber. At the same time, SPM generates nonlinear phase which

is proportional to the intensity profile of the pulse.

Fig. 6.2 shows a spectrogram of the aforementioned pulses propagating in 0.5 m of Thorlabs
HN1550P. The dispersion terms used are as follows: B, = —1.664270314152531 x 10_27%, B; =
1.722728270634876 + 10~41< B, — 3.140721702898135 + 10755 Bs 1o = 0. We observe far
more spectral broadening in Fig. 6.2 compared to Fig. 6.1. The spectral broadening also occurs on
a much shorter length. As previously stated, this is caused by the dispersion parameter as opposed
to the nonlinear coefficient. Although the spectral broadening using the anomalous dispersion
HNLF improved, it still does not span a full octave. This leads us to try another HNLF with a

different dispersion parameter.

Fig. 6.2 shows a spectrogram of the aforementioned pulses propagating in 0.5 m of Thorlabs
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Figure 6.2: Supercontinuum generation simulation pumping .5 m of Thorlabs HN1550P with sech
pulses of 10 kW peak power and ~ 70 fs. Left: Spectral evolution of pulse, middle: temporal
evolution of pulse, right: spectrum of pulse after .5 m in HNLF.

PMHNS. Unlike the previously mentioned fibers, the raw dispersion data was not available. We
used experimentally measured supercontinuum spectra from PMHNS and adjusted the dispersion
terms to match our experimental data. The dispersion terms used are as follows: B, = —1.1830
107265 By = 8.1038+ 10415 B, = —9.5205% 107505 B5 = 2.0737 % 107705 B = —5.3943
1078550 B, — 1.3486% 107995 By — —2.5495% 1071145 By —3.052451071295 B)5 = —1.7140+
10_144%. From these simulations, we observe that careful selection of the dispersion properties
of the HNLF are required to obtain the full octave. Simply choosing anomalous dispersion HNLF

will not yield the desired spectral bandwidth.

Typically, the blue colors used in self-referencing are a result dispersive wave generation while
the red colors used for SHG are a result of the soliton self-frequency shift. Again, these effects
are dependent on the dispersion properties of the fiber. The ideal properties of a HNLF for f-2f
interferometry include: generation of significant power at 1 & 2 um and low splice loss to SMF. In
summary, the dispersion properties of the fiber affect the spectral broadening in supercontinuum

generation. The dependence on pulse parameters boils down to using high contrast, sub ~100 fs
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Figure 6.3: Supercontinuum generation simulation pumping .5 m of Thorlabs PMHNS with sech
pulses of 10 kW peak power and ~ 70 fs. Left: Spectral evolution of pulse, middle: temporal
evolution of pulse, right: spectrum of pulse after .5 m in HNLF.

pulses with sufficient peak power in the fiber.

Experimental Work: Supercontinuum generation

To observe the spectral broadening in the HNLF, we used a commercial FMLL with a repetition
rate of 20 MHz, average power of 3 mW, and emitting 300 fs pulses directly from the oscillator. As
previously discussed, these pulses are too long and weak to generate an octave via supercontinuum
generation in fiber. Therefore, we constructed an EDFA for nonlinear spectral broadening and
pulse compression. The schematic and diagnostic traces of this approach can be seen in Fig. 6.4 &
6.5. We used 19 cm of dispersion compensating fiber (DCF) to pre-chirp the pulses prior to entry
into the EDFA. The EDFA was constructed with short lengths of input and output SMF28 fiber to
reduce dispersion and nonlinear effects. This is because the pulse energy of the MLL output is still
high enough to yield considerable SPM in SMF28 before entering the EDFA. The erbium doped

fiber (EDF) used was a highly doped EDF (Liekki Er110-4/125) pumped by a 1 W 976 nm laser.
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Figure 6.4: Setup for generating sub~ 100 fs pulses for supercontinuum generation

We note that the splices between EDF and SMF were not optimized, optimized splice recipes
would yield lower losses. After the EDFA, pulse energies exceeding 1 nJ were obtained which
gives rise to significant amounts of SPM in the SMF28 used after the gain section. We measured
~ 30 mW average power in the amplified pulse train. The amplified pulses were then compressed
in a short length of SMF28 pigtails on the fiber isolator. We observed soliton compression on the
output pulse in the short length of SMF28 used as pigtails on the fiber isolator and 0.5 m patch
cord leading into the SHG autocorrelator. It is important to note how the intensity autocorrelation
and OSA are measured. Before entering the intensity autocorrelator, a 60 cm SMF28 patch cord
with an 8 mm focal length aspheric lens acting as a collimator is used. A quarter wave plate and
half wave plate are used to adjust the polarization while a PBS is used to ensure p-polarized light
entering the autocorrelator for efficient phase matching. The s-polarized light (reflected from the
PBS) is then coupled into another fiber to measure the optical spectrum. By using the tapped off
light from the PBS to measure the optical spectrum, we are significantly reducing the peak power
of the pulse entering the SMF28 fiber leading to the OSA. Had we placed the output of the EDFA
directly into the OSA, our measurement would show the amplified pulse after significant spectral
broadening. As a standard, all intensity autocorrelation measurements are taken with a 60 cm long

SMEF?28 patch cord.

We spliced SMF28 to both ends of HNLF to measure the generated supercontinuum on an optical

spectrum analyzer. We ensured the input length of SMF spliced to the HNLF matches that of the
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Figure 6.5: Diagnostic traces of amplified 20 MHz fiber laser used for supercontinuum generation
experiments: a) intensity autocorrelation after the home-built EDFA, b) optical spectrum after the
home-built EDFA

SMF into our SHG intensity autocorrelator (60 cm). Since our optical spectrum analyzer can only
measure light from 600-1750 nm, another spectrum analyzer was used to record 1200-2400 nm.
The generated continuum for various HNLFs can be seen in Fig. 6.6-6.10. Supercontinuum was
measured for various types of HNLF; 10 cm of anomalous dispersion with near zero dispersion
slope from OFS (OFS D=1.25 ps/nm/km and S = .0093ps/nm? /km), 15 cm of anomalous dis-
persion HNLF (D=2.5 ps/nm/km and S=.017 ps/nm/km), 47 cm of anomalous dispersion HNLF
(D=2.5 and S=.017), and 50 cm of polarization maintaining anomalous dispersion (PM-HNLF).
From the plots, we observe that the HNLF that produced the best spectral broadening was the PM-
HNLF (purchased from Thorlabs, dispersion estimated ~5 ps/nm/km and S = .025ps/nm/km?).
It is important to note that a low loss splice at the input end of the HNLF is employed to ensure
efficient nonlinear spectral broadening. Typically, the mode field diameter (MFD) of a nonlinear
fiber is significantly lower than the MFD of single mode fiber such as SMF28. Butt coupling loss
from SMF28 to HNLF is on the order of 3.6 dB. This loss can be significantly reduced by building

a custom splice recipe. We have built a splice recipe for each of the HNLFs and demonstrated
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Figure 6.6: Optical spectrum of supercontinuum generation 10 cm of anomalous dispersion HNLF
(D = 1.25ps/nm/km and S = .0093 ps /nm? /km)

splice losses of < .5 dB.

From the optical spectrum, we observe drastically different output spectra. The HNLF that pro-
duces the most broadening is the PMHNS from Thorlabs. Not only is there a good amount of
spectra at 1 um, there is also a good amount of spectra at 2 um which can be used for SHG.
With the PM-HNLEF, the two polarization axes exhibit slightly different dispersion characteris-
tics which gives rise to slightly different wavelengths for the dispersive wave. The HNLF with
D = 2.5ps/nm/km produces a good amount of spectra around 1040 nm but the 2 um spectra is
lacking. For f-2f interferometry, we needs lots of power at 2 um so that we can double the fre-
quency to 1 um using SHG. Less power entails less SHG light. With less SHG light, less power
would be available for the measurement of a fj beat note. This leads to a reduction in the SNR of

Jo beat note or even not being able to measure fj.
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Figure 6.7: Optical spectrum of supercontinuum generation using 15 cm of anomalous dispersion
(D =2.5ps/nm/km and S = .017 ps/nm? /km)

Carrier-Envelope-Offset Frequency Detection

In this section, we cover detection of the carrier-envelope-offset frequency of the 20 MHz fiber
MLL. To detect the carrier-envelope-offset frequency, not only is a coherent octave spanning spec-
trum required, but some form of nonlinear interaction is required in the interferometer. The sim-
plest of which is called the f-2f interferometer [18], where the low frequency end of the spectrum
is doubled via SHG so that it can interfere with the high frequency portion of the spectrum. Since
SHG is a second order nonlinear effect, a second order nonlinear crystal is required. Typically
periodically poled Lithium Niobate (PPLN) is used for SHG because of its high (2) as well as the
increased phase matching efficiency due to quasi-phase matching. It is important to note that for
an optimum f., beat note, one would need to know the spectral features of the supercontinuum
before acquiring a PPLN. For a supercontinuum that reaches 775 nm, it would be ideal to order
a PPLN that is poled for SHG at 775 nm. Consequently, for a supercontinuum that reaches 1000

nm, it would be ideal to order a PPLN that is poled for SHG at 1000 nm. After selecting a proper
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Figure 6.8: Optical spectrum of supercontinuum generation using 47 cm of anomalous dispersion
(D =2.5ps/nm/km and S = .017 ps/nm? /km)

PPLN, the correct optics would need to be selected for the interferometer. In our experiment, a

bulk 10 mm PPLN crystal with four separate poled regions for 1018-1125 nm is used for SHG.

There are three common configurations of the f-2f interferometer used to detect f, shown in Fig
6.11 [18] which include the non-common path, quasi-common path, and common path f-2f inter-
ferometer. In general, the concept of f-2f interferometry is to ensure that the frequency doubled
1 um light and the supercontinuum 1 um light spatially, spectrally, temporally, and polarization
overlap. Previous work in detecting fy has shown that the inline interferometer offers superior
noise performance compared to other f-2f interferometer implementations. This difference can
be attributed to the non-correlated noise fluctuations between the 1 um SHG light and the 1 um
supercontinuum light. For supercontinuum generation in fiber, the in-line interferometer is most
common because of the availability of fiber. As previously mentioned, the doubled light and the
SCG light must overlap spectrally and temporally. Spectral overlap is achieved by generating
the correct continuum in which the SHG signal overlaps with the short wavelength section of the

continuum. This was achieved by proper selection of HNLF and additional optical bandpass fil-
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Figure 6.9: Optical spectrum of supercontinuum generation using 50 cm of anomalous dispersion
PM-HNLF on one polarization axis

ters placed in the interferometer. For temporal delay, the non-common path interferometer uses
a physical delay while the common path interferometer uses fiber. For the in-line interferometer,
dispersion is used to delay the color components to overlap the pulses. Characteristics of the ma-
terials used must be considered when using the in-line interferometer. Dispersion characteristics

computed using the Sellmeier equations of CaF2, Si02, and LiNbO3 are shown below in Fig. 6.12.

Lithium Niobate has an extremely strong normal dispersion at 1 gum compared to most common
materials used which causes the 1 yum light to be significantly delayed compared to the 2 pm light.
For the two wavelength regions to temporally overlap, an additional delay for the 2 pm light must
be done without separating the colors. This can be done using fused silica or SMF28 spliced on
to the end of a HNLF or by physically delaying it using a delay arm. The amount of SMF28 re-
quired to ensure perfect temporal overlap depends on the length of HNLF, dispersion properties
of the HNLF, and the chirp properties of the SCG light. In our experiment, we employed the
non-common path interferometer to ensure that the pulses overlap in time, space, frequency, and

polarization. From the previous section, we have already determined the length of PM-HNLF re-
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Figure 6.10: Optical spectrum of supercontinuum generation using 50 cm of anomalous dispersion
PM-HNLF on a second polarization axis
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Figure 6.11: a) Conceptual diagram of f-2f interferometry, b) non-common path f-2f interferometer
schematic, ¢) quasi-common path f-2f interferometer schematic, d) common path (in line) f-2f
interferometer schematic.

quired to generate sufficient power at 1 and 2 um. We then connectorized the HNLF and polished
the facet till it was flat to ensure that the outgoing light would have no chromatic angular depen-
dence. Future iterations could use an APC connectorized HNLF for simplicity. A schematic of the

f-2f interferometer is shown below in Fig. 6.13.
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Figure 6.13: Experimental implementation of non-common path f-2f interferometer. PC: fiber
polarization controller, PM-HNLF: 0.5 m of Thorlabs PMHNS, DM: dichroic mirror, %: half
waveplate, M: metallic mirror, %: half waveplate, PPLN: periodically poled Lithium Niobate, PBS:
polarizing beam splitter, BPF: 1030 nm optical bandpass filter, LNA: Wenzel low noise amplifier.

The non-common path interferometer in Fig. 6.13 uses dichroic mirrors to split and recombine the
1 um and 2 um such that temporal overlap is achieved using the tunable delay stage. By aligning
the polarization of the input pulse along one of the principle polarization axes of the PM-HNLEF, it

is possible to ensure no coupling between the orthogonal polarization modes. The half waveplate
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Figure 6.14: Carrier-envelope-offset frequency detection using commercial FMLL

at 2 um is used to ensure efficient SHG through phase-matching while the 1 ym waveplate is used
to match the polarization of the SHG light, this enables the f and 2f light to match in polarization.
The PPLN is inside a small temperature-controlled oven, allowing for temperature tuning of the
poling period. The confocal approximation was used to calculate the needed focal length of lenses
to ensure maximum SHG efficiency. This is done by having L. = 2zR, where L. is the length of
the crystal and Zp is the Rayleigh range. For our experiment, a f=3.1 mm aspheric lens used to
collimate the supercontinuum from a ~ 4 um mode field diameter fiber would need 50 mm lenses
for focusing into the PPLN. We selected CaF, lenses due to the low loss at 2 um for focusing into
the PPLN. A PBS is used to further enforce the electric field orientation ensuring alignment of the
electric field of both f and 2f spectra. A bandpass filter centered at 1030 nm is rotated to ensure
only the f and 2f light interferes: ensuring spectral overlap. Finally, the light is focused on an
InGaAsP APD. The APD was placed on a three-axis stage to measure the interference. The beat
note was then amplified by a Wenzel low noise RF amplifier. The resulting fj beat note for the 20

MHz fiber MLL is shown in Fig. 6.14.
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Figure 6.15: Improved f; beat note for commercial fiber mode-locked laser.

Fig. 6.14 shows the measured f; beat note using our interferometer. The first iteration of our
interferometer used an aspheric lens to couple the light into HI1060 fiber for spatial overlap of the
f and 2f components. The output of the fiber was then connected to a fiber connector on the input
of the APD. For this measurement of f..,, we were able to couple ~ 17 uW of SHG power and
~ 7 UW of 1 um power into the HI1060 fiber. We observed an SNR of ~20 dB at a resolution
bandwidth (RBW) and video bandwidth (VBW) of 10 kHz. Decreasing the RBW did not increase
the SNR of the fj beat note, indicating that the beat note has a broad spectral distribution. This
indicates that the linewidth of the f; beatnote is larger than the resolution bandwidth of 10 kHz.
We replaced the fiber collimator with an 8 mm focal length aspheric lens focusing onto the APD
and observed a much larger SNR. We measured ~ 150 uW of power at 1030 nm and in the SHG

light. The improved beat note can be seen in Fig. 6.15.
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Nonlinear waveguides for coherent octave spanning supercontinuum generation

Nonlinear waveguides have attracted significant attention for generating coherent octave spanning
supercontinuum generation. Owing to the significantly smaller waveguide dimensions, the nonlin-
ear coefficient (consequently the supercontinuum threshold) is significantly higher. In addition to
the high nonlinear coefficient, the dispersion profile is also controllable by adjusting the waveguide
dimensions [82]. The benefit to generating supercontinuum in a waveguide compared to fiber con-
sist of the following: reduced pulse energies required (~200 pJ as opposed to ~nJ), significantly
smaller footprint, and broader spectral coverage. Historically, waveguide coupling was extremely
loss due to the severe mode mismatch between SMF28 (MFD=10 um) and waveguide modes
(<um). Advancements in waveguide coupling by use of small core fibers [83], tapered fibers [84],
and inverse tapered waveguides have brought coupling losses into waveguides to ~1 dB. Waveg-
uide losses were another issue that have been improved upon by improvement in fabrication. These
improvements have enabled commercialization of waveguide-based supercontinuum devices. To
simplify the pulse requirements for producing a coherent octave through supercontinuum gener-
ation, we have purchased a comb offset stabilization module (COSMO) from octave photonics.
The COSMO uses dispersion engineered Tantala waveguides for supercontinuum generation [80],
PPLN for SHG, and a photodetector with integrated transimpedance amplifier. The COSMO uses
a 0.5 m PM1550 fiber pigtail as the input which matches our patch cord length into the autocorrela-
tor. The waveguides are engineered so that the dispersive wave from the supercontinuum spectrally
ends up at 775 nm (@ =775 nm. Significant pulse energy at 1550 nm remains even after super-
continuum which lends itself to high power SHG at 775 nm. The usage of a dispersion engineered
waveguide for f-2f interferometry at 775 nm was also done in [14]. In contrast with our work in
measuring fo using fiber for supercontinuum, the COSMO requires only pulses shorter than 200 fs
with pulse energies of 200 pJ. We have also measured the f; beat note of the 20 MHz FMLL using

the COSMO. Fig. 6.16a shows the schematic for measuring fy of the 20 MHz FMLL using the
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Figure 6.16: a) Schematic for measuring the carrier-envelope-offset frequency of a 20 MHz repeti-
tion rate fiber mode-locked laser using the COSMO, b) Measured carrier-envelope-offset frequency
without post amplification, ¢) Measured carrier-envelope-offset frequency with low noise Wenzel
RF amplifier.

COSMO. The FMLL is amplified up to a few mW and the pulses are sent into the COSMO. The
measured fj beat note without the Wenzel RF amplifier is shown in Fig. 6.16b while f; measured

with the Wenzel RF amplifier is shown in Fig. 6.16c.

In this chapter, we discussed coherent octave spanning supercontinuum generation. We started
the discussion with supercontinuum generation in fiber and showed simulations for various com-
mercially available HNLFs. We then showed experimental data using various HNLFs pumped
by an amplified 20 MHz repetition rate FMLL which helped us in selecting a HNLF. An f-2f
interferometer was constructed to measure fiy of the FMLL using the proper HNLF. Finally, we
discussed waveguide-based supercontinuum generation and measured fo using a commercially

available waveguide-based f-2f interferometer. In doing this, we have experimentally obtained the
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pulse parameters needed to measure f using our OEO EOM comb system. The next chapter will

discuss the measurement of fy for our OEO EOM comb system.
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CHAPTER 7: CARRIER ENVELOPE OFFSET FREQUENCY
EXPERIMENTS

As previously mentioned, a fully stabilized optical frequency comb requires knowledge and control
over both fy and frp. If fr., < 100 GHz, then a high-speed photodetector & high bandwidth
RFSA can easily measure f,. To measure fj, a coherent octave of bandwidth is required. Since
most gain media do not support octave spanning spectra, coherent supercontinuum generation is
employed. In the preceding chapters, we have designed, characterized, and constructed a 10.5
GHz repetition rate oscillator. Since the oscillator’s output pulse characteristics were unsuitable
for coherent octave spanning supercontinuum generation, we demonstrated an alternative method
to conditioning the pulses to meet the necessary requirements. We came up with two different
systems for producing ultrashort pulses using two different pulse-pick rates and a tunable etalon.
We have also experimentally characterized different highly nonlinear fibers for octave spanning
supercontinuum generation and determined the optimal fiber parameters. Finally, we have also
characterized the use of nonlinear waveguides (COSMO) to measure fy. In this chapter, we show

how different system architectures affect the ability to measure an f beat note.

Pulse-picking By 64 Experiments

In the previous chapters, we constructed a system that produces ultrashort pulses with 1.5 nJ pulse
energies using an EOM comb, a pulse-picker, a 50/50 NALM, and an EDFA. The pulse-picker was
used to downsample the repetition rate by a factor of 64, thereby reducing the power requirements
on the EDFA to ~250 mW. This is shown in Fig. 5.10. We now seek to measure fy of the EOM

comb.
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Figure 7.1: Optical spectrum of supercontinuum generated using 50 cm of PMHNS seeded by the
EOM comb downsampled by 64 and then amplified to 1.5 nJ.

Fig. 7.1 shows the optical spectrum of the supercontinuum generated by 50 cm of PMHNS and
seeded by Fig. 5.10. We again observe spectral peaks at 1 & 2 pum that are used for the f-2f
interferometer. We measured ~ 250 uW power in both the fundamental and SHG components
as well. Despite all of this work, we did not measure an f beat note. However, we observed
that when the interferometer was aligned, the noise floor would drastically increase. When the
interferometer was misaligned, the noise floor would drop again. This effect was also mentioned
in [35] when trying to measure fy. This effect was initially attributed to seeded supercontinuum
with pulses that were longer than 100 fs. However, our pulses are much shorter than 100 fs. This

leads us to believe that the coherence of the comb itself has degraded somewhere.

To gain additional insight into our problem, we performed several heterodyne beat measurements
in various parts of the system. We used a 100 Hz linewidth CW laser centered at 1546 nm as our

local oscillator for the heterodyne beat notes. Since our EOM comb system uses a 7 Hz linewidth
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Figure 7.2: Top: Schematic for measuring heterodyne beat notes in each part of our locked EOM
comb system. Bottom: Measured heterodyne beat notes after the 100k finesse etalon, pulse-picker,
and NALM using a <100 Hz linewidth laser.

CW laser, we are unable to obtain linewidth information in the heterodyne beat notes, but we can

still measure SNR of the comblines.

Fig. 7.2 shows four heterodyne beat measurements that were taken using the 100 Hz linewidth CW
laser centered at 1546 nm. We observe the SNR of the heterodyne beat note significantly decreases
after each stage. Most notably, the SNR decreases by over 20 dB after pulse-picking! Why is there
such a massive decrease in SNR after pulse-picking? When pulse-picking, we observe a decrease
in power by two factors: 1) the insertion loss and 2) the pulse-picking rate. Our pulse-picker has
an insertion loss of 4.2 dB and we pulse-picked by a factor of 64, which is an additional 18 dB
of loss. This gives us a total loss of 22.2 dB after pulse-picking. In addition, the 50/50 NALM

that was used to shorten our pulse and improve pulse-picker extinction seems to have reduced the
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Figure 7.3: Heterodyne beat measurement with Menlo fiber mode-locked laser and CW laser.

SNR of our comb even further. It is also important to note that losses can only reduce the SNR of

a combline. The only way to increase the SNR of a combline would be to amplify and filter it.

We also performed a heterodyne beat measurement with the same CW laser and a Menlo systems
fiber mode-locked laser. This is shown in Fig. 7.3. The Menlo fiber mode-locked laser has a
repetition rate of ~250 MHz. The repetition rate of our pulse-picked EOM comb and the Menlo
laser is close, this means that a heterodyne beat measurement with the commercial fiber mode-

locked laser should be on the same order of magnitude in terms of SNR.

We observe in Fig. 7.3 & 7.2 that not only is the SNR of the heterodyne beat measurement of
the EOM comb low, it’s also far worse than the commercial fiber mode-locked laser! This leads
us to believe that pulse-picking and the NALM is the cause of our incoherent continuum. With
this in mind, how would it be possible to measure fy with an EOM comb? We observed that the
degradation in SNR was a result of heavy losses from the pulse-picker and the NALM. If we reduce
the pulse-pick factor and removed the NALM, we may see something else. As such, we attempt

this experiment again using a lower pulse-pick rate.
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Figure 7.4: Experimental schematic of measuring fp using our OEO EOM comb using the
COSMO. f3,: linear chirp applied by waveshaper, EDFA: erbium doped fiber amplifier, NALM:
nonlinear amplifying loop mirror, PM: phase modulator, DCF: 0.7 m dispersion compensating
fiber, FPE: tunable ~ 600 finesse Fabry-Perot etalon, ISO: fiberized isolator, f-2f: COSMO, PZT:
high voltage piezo driver, RF Amp: RF amplifier, LPF: low pass filter, PID: proportional-integral-
derivative controller, EPG: electrical pulse generator.

Pulse-picking by 8 Experiments

From the previous section, we were unsuccessful in measuring fy with an EOM comb when we
pulse-picked by a factor of 64. We attribute the failure to the following issues: insufficiently short
pulse-pick gate, too much ASE noise as a result of repeated amplification, and pulse-picking too
aggressively. By reducing the pulse-pick rate from 64 to 8, we reduced our pulse-picking losses
from 18 dB to 9 dB. Even if pulse-pick factor alone is not an issue, the loss incurred by pulse-
picking is still an issue. If the pulse-pick rate is too high, then there wouldn’t be enough optical
power to saturate the final amplifier. We also used nonlinear waveguides for supercontinuum gen-
eration as opposed to nonlinear fiber. This allowed us to reduce the needed average power by a
factor of 5. In addition, we constructed a tunable etalon to filter the noise in between comblines
right before pulse-picking. The usage of the tunable etalon also reduces the amount of ASE that
we incurred through repeated steps of amplification. The experimental schematic of this is shown

in Fig. 7.4 along with associated data in Fig. 5.13 prior to measuring fp.
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The system in fig. 7.4 is the same schematic found in Fig. 5.12 for generating ultrashort pulses. The
output of this system is then fed into the COSMO for measuring f. Unlike the the pulse-pick by 64
case where we used fiber for supercontinuum generation, the nonlinear waveguides we purchased
are prepackaged with a PPLN (for SHG), and an APD (for f detection). Unfortunately, there is
no optical output that allows us to measure the generated continuum. However, we demonstrate in
Fig. 7.5 the detection of the carrier-envelope-offset frequency of our OEO EOM comb. We note
that we were only able to measure the beat note when we used two optical amplifiers after pulse-
picking as opposed to one. This indicates to us that the coherency of the beat note is extremely
sensitive to ASE and that a low noise EDFA designed for pulsed amplification is required. It is also
important to note that the polarization of the output pulses must be perfectly matched to measure
a beat note. In our experiment, we used a short fiber length polarization controller in between the
output of the EDFA and the input to the nonlinear waveguide. We also measured the intensity
autocorrelation after the fiber polarization controller to ensure we correctly measured the pulses
entering the nonlinear waveguide. Finally, it is important to note that the measured f beat note
fluctuated in amplitude. This is caused by the unstable polarization output after the NALM and

EDFA prior to pulse-picking.

Fig. 7.5 shows the measured f; data before and after the Miteq RF amplifier. Unfortunately, we

could not locate the Wenzel amplifier used in Fig. 6.16 to increase the SNR of the fj beat note.

In this chapter, we attempted to measure f; using two different EOM comb systems. In the first
system, we used an external RF synthesizer to drive the EOM comb, pulse-picked by 64, amplified
the pulse-picked pulse train with a NALM, amplified the pulses again, and then sent the amplified
pulses into our home-built f-2f interferometer using HNLF. We could not measure an f beat note
with this first system. Our second system addressed several issues in the first system such as
externally filtering the pulse train and reducing the number of amplifiers after the optical filter.

With these changes, we successfully measured an fj beat note of the OEO EOM comb system.
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Figure 7.5: Measured carrier-envelope-offset beat note using OEO EOM comb. a) Without Miteq
RF amplifier, b) with Miteq RF amplifier.
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CHAPTER 8: CONCLUSION

In this thesis, we have presented significant advancements in high repetition rate (>10 GHz) self-
referenced optical frequency combs in the telecommunications band. Due to the limitations im-
posed by cavity size and available gain media, passively mode-locked laser based high repetition
rate comb sources are sparse. This has necessitated the use of an external low noise RF source
for electro-optic modulation in generating high repetition rate comb sources. In addition, coher-
ent octave spanning supercontinuum generation is challenging for high repetition rate sources.
An opto-electronic oscillator driven electro-optic modulated comb was constructed using a 100k
finesse Fabry-Perot etalon. The etalon was used as the high Q element in an opto-electronic oscil-
lator for stabilizing the CW laser and generating a spectrally pure 10 GHz RF signal. The 10 GHz
signal was then used to drive a cascade of electro-optic phase modulators generating an electro-
optic modulated comb. The comb bandwidth spans 10 nm centered at 1550 nm and generates
pulses that are compressible to 840 fs. Using the etalon for the opto-electronic oscillator elimi-
nates the need for a costly external low noise RF source. The resulting pulses generated from our
comb has significant excess chirp. By using a nonlinear amplifying loop mirror, the low contrast
840 fs pulses are reshaped into pedestal free 300 fs pulses. An external tunable etalon was also
constructed for filtering noise in between comblines. We also constructed erbium doped fiber am-
plifiers for nonlinear spectral broadening. The combination of our home-built nonlinear amplifying
loop mirror and optical amplifiers eliminated the need for expensive and lossy grating-based pulse
shapers. Finally, we measured the carrier-envelope-offset frequency of our high repetition rate
comb source. The usage of nonlinear waveguides reduced the pulse requirements for generating a
coherent octave through supercontinuum generation. By addressing the difficulties in generating
a high repetition rate comb source with high pulse contrast and sufficient pulse energy, we have

demonstrated the first self-referenced opto-electronic oscillator driven electro-optic modulated op-
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tical frequency comb. Moreover, our improvements are capable of scaling into higher repetition

rates and provide a path towards integration.

Future work

We have demonstrated a self-referenced high repetition rate comb source in the telecommuni-
cations band. Several improvements to the current architecture can still be made to simplify or
improve the system. Photonically filtered opto-electronic oscillators are still largely unexplored
and the phase noise performance still lags the theoretical phase noise estimations. Improving the
phase noise of the opto-electronic oscillator would result in a lower phase noise RF signal for var-
ious applications and improve the SNR of the fj beat note. In our fiber-based pulse compressor,
we used non-polarization maintaining fibers due to availability. Future experiments can envision
using polarization maintaining highly nonlinear fibers and polarization maintaining erbium doped
fibers to eliminate polarization fluctuations (increasing long term stability for measuring fp). The
improved polarization stability would also allow the system to operate in a wider range of environ-
ments outside of the laboratory. Although we used a nonlinear amplifying loop mirror to shorten
the pulse and improve the contrast, it is possible to generate an electro-optic modulated comb with
lower pedestal energy. This can be achieved by adding additional intensity modulators, driving the
intensity modulator with a shorter pulse, or employing a time lens approach and stretching phase
modulation using dispersion compensating fiber. By reducing the pedestal energy in an EOM
comb, pulse shaping may not be required. Instead, the pulse can be directly amplified to nano-
joule levels and be spectrally broadened inside the amplifier with highly linear chirp. We have
demonstrated the feasibility of spectral broadening inside an optical amplifier for producing ultra-
short pulses. Additionally, we used a tunable low finesse etalon for externally filtering the noise in

between comblines. A higher finesse cavity would improve the SNR of the detected f beat note.
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Although briefly discussed, the filtered opto-electronic oscillator driven electro-optic modulated
comb source still merits further investigation. Combining the improvements could conceivably

enhance the performance of the system while reducing the complexity.
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