FIBER LASER BASED LIGHT SOURCES DEVELOPMENT
FOR SPECTROSCOPY AND MICROSCOPY APLICATIONS
by

Yi-Hsin Ou

__________________________
Copyright © Yi-Hsin Ou 2020

A Dissertation Submitted to the Faculty of the
JAMES C. WYANT COLLEGE OF OPTICAL SCIENCES
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA
2020

2

THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE
As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by Yi-Hsin Ou titled Fiber Based Light Sources Development for Spectroscopy and
Microscopy Applications and recommend that it be accepted as fulfilling the dissertation
requirement for the Degree of Doctor of Philosophy.

_________________________________________________________________

Date: 10/08/2020___

Professor Khanh Q. Kieu

_________________________________________________________________

Date: 10/8/2020

Professor Ronald J. Jones
___________________________________________________________

Date: ____________

Professor Ryan Behunin

Final approval and acceptance of this dissertation is contingent upon the candidate’s submission
of the final copies of the dissertation to the Graduate College.
I hereby certify that I have read this dissertation prepared under my direction and recommend
that it be accepted as fulfilling the dissertation requirement.

_________________________________________________________________

Professor Khanh Q. Kieu
Dissertation Committee Chair
Wyant College of Optical Sciences

Date: 10/08/2020___

3

ACKNOWLEDGEMENTS
I want to express my gratitude, especially to my advisor, Dr. Khanh Kieu, for all the
supports and encouragements during these years. This dissertation would not be possible
without your patient guidance and persistent inspiration. I am also grateful to Dr. Jason
Jones for the help to clarify my confusion in research. Thanks to him, I can have the correct
direction to conduct my experiments. Dr. Ryan Behunin, I would like to thank you for the
opportunity of the collaboration in research. I was influenced by your passion and
perseverance in doing research.
Joshua Olson, I want to specially thank you for being with me during the incredibly
challenging period. I would have not been able to finish this dissertation without you.
During these years, I had all the good time with other members in our research group.
Robert Dawson Baker, thanks to you, I had a chance to collaborate with Dr. Nezih T.
Yardimci and Dr. Mona Jarrahi from UCLA. Yukun Qin and Orkhongua Batjargal, thank
you for the supports in these years. It was my pleasure to have the chance to work with you
in this group. I really learned a lot from our scientific discussions. Here, I also wish all of
you the best to your PhD journey. Dr. Soroush Mehravar and Dr. Dmitriy Churin, I have
my deepest gratitude to both of you for leading me when I joined this group. Thanks for
the kind guidance and insightful discussions even after you have graduated.
Finally, I want to thank my beloved wife, Shih-Ting Wu, and my family for their
regretless supports during these years. I genuinely appreciate.

4

Table of Contents
List of Tables and Figures ························································································· 6
Abstract

······································································································· 13

Chapter 1.

Introduction ··················································································· 16

Chapter 2.

Dual-comb Spectroscopy with Free-running Bidirectional Mode-locked Laser ·· 23

2.1

Introduction to DCS ·········································································· 24

2.2

Experiment Setup and Laser Characterization ··········································· 26

2.3

Results and Discussion ······································································· 33

2.4

Conclusion······················································································ 43

Chapter 3.

Wavelength-extended Light Source from Free-running Bidirectional Mode-locked
Laser for Dual-comb Spectroscopy························································ 44

3.1

DCS Demonstrations in Wavelength Regions Other than 1550 nm ················· 45

3.2

All-fiber OPO Based Free-running DCS Around 1650 nm ··························· 47

3.3

Ultrabroadband Free-running DCS for 1 μm to 2 μm ································· 63

3.4

Conclusion······················································································ 73

Chapter 4.

Self-triggered Asynchronous Optical Sampling Terahertz Spectroscopy Using a
Free-running Bidirectional Mode-locked Fiber Laser·································· 75

4.1

Introduction to Terahertz Time-domain Spectroscopy ································· 76

4.2

Experiment Setup of THz-TDS with a FRBML ········································ 80

5

4.3

Results and Discussion ······································································· 85

4.4

Conclusion······················································································ 90

Chapter 5.

Watt-level All-fiber Optical Parametric Chirped-Pulse Amplifier Working at 1300
nm ······························································································· 91

5.1

Introduction to the Optical Parametric Chirped-pulse Amplifier ····················· 92

5.2

Experimental Setup of FOPCPA ··························································· 95

5.3

Results and Discussion ······································································· 99

5.4

Conclusion·····················································································104

Bibliography ···································································································105

6

List of Tables and Figures
Fig. 2.1 Schematic diagram of the bidirectional mode-locked fiber laser cavity. ········· 26
Fig. 2.2 The measured spectra from OSA. Blue and green line represent the spectrum of
CO- and CT-arm, respectively. The output power, center wavelength, and spectral band
width were 2.5 mW, 1555.5 nm, and 4.8 nm for CO-arm, and 1.7 mW, 1553.4 nm, and 6.5
nm for CT-arm, respectively. ····································································· 28
Fig. 2.3 Measured Allan deviation of the laser repetition rate from the frequency counter.
Blue and green marks indicate the measurement with different gate time setting. The linear
tendency reflects the white frequency noise (shot noise level) dominant the ADEV result,
which indicates the good quality in repetition rate stability. ································· 30
Fig. 2.4 Schematic of RIN measurement setup. RIN of both outputs was measured with the
same setup. The signal after photodetector was sent to a bias-tee to separate AC and DC
signals. AC signal was then sent to the RF spectrum analyzer, and Dc part was sent to the
oscilloscope to measure the carrier voltage. PD: photodiode. RFSA: RF spectrum analyzer.
········································································································· 31
Fig. 2.5 RIN measurement result. The blue line is the noise level of the instruments
measured without any input. Red line and green line are the RIN of CO-arm and CT-arm,
respectively. ························································································· 32
Fig. 2.6 Schematic of the heterodyne frequency and linewidth measurement. The O block
is the 1550 nm 50/50 optical coupler for combine CW laser and pulse train from each arm.
The solid line represents the optical fiber. Dashed line is the electrical wire. The E block is
the Electrical 50/50 coupler. The crossed block is the frequency mixer. PD: photodiode.
········································································································· 33
Fig. 2.7 Heterodyne signals in RF domain. Signals locate around 12.3 MHz and 17.1 MHz
are the heterodyne result 𝑓b1 (CW and CO-arm) and fb2 (CW and CT-arm), respectively.
The linewidths are measured as 3 kHz and 2.5 kHz for 𝑓b1 and 𝑓b2 , respectively, with a
resolution of 1.13 kHz. The signal at the center is the zoomed heterodyne result from 𝑓b1
and 𝑓b2 . The linewidth is 1.6 kHz. ······························································· 34

7

Fig. 2.8 The recorded heterodyne signal sampled every second for 1 minute. The drift for
each arm is common, and therefore, the heterodyne of 𝑓b1 and 𝑓b2 , Δ𝑓b is fixed around
the frequency of 4.769 MHz with a standard deviation of 1.58 kHz. ······················· 35
Fig. 2.9 The illustration of the frequency of each comb. 𝑓ceo is the carrier-envelope offset
frequency. 𝜈𝐶𝑊 is the frequency of the CW laser. 𝑓b is the heterodyne frequency from
the comb tooth and CW laser. ····································································· 37
Fig. 2.10 Schematic diagram of the HCN absorption experiment setup. This DCS uses two
laser outputs (CO-arm and CT-arm) from the bidirectional mode-locked fiber laser. EDF:
Erbium doped fiber. WDM: wavelength division multiplexer. SA: saturable absorber. PC:
inline polarization controller. PD: photodiode. HCN: 16.5 cm, 100 Torr HCN gas cell.
OBPF: 1 nm optical bandpass filter. LBF: lowpass filter. ···································· 39
Fig. 2.11 Time-domain interferogram and frequency-domain spectrum. (a) single-shot and
averaged of 200 interferograms. The zoom-in of the center fringe is shown at the rightupper corner. (b) The FFT of the time-domain interferogram results in a frequency
spectrum. The absorption line is clear observed. The zoom-in of the absorption line is
shown in the middle. ··············································································· 40
Fig. 2.12 Extracted absorption lines by normalize the measured RF spectrum to the smooth
processed spectrum. These absorption lines are from a 16.5 cm gas cell filled with 100 Torr
HCN. The data is compared with NIST SRM2519 data for a 100 Torr, 22.5 cm HCN gas
cell (red dots). The standard deviation of frequency (upper panel) and the magnitude
(middle panel) are ~207 MHz and 2.9%, respectively. ········································ 42
Fig. 3.1 The schematics of the all-fiber bidirectional OPO system layout. The first ring
cavity at left is the FRBML mentioned in chapter 2. At the center is a DCS setup for 1550
nm. The using of PM fiber starts from the blue lines. The second cavity is the bidirectional
FOPO. The second DCS setup is with the OPO output wavelength around 1650 nm. Note
that the CO- and CT-arm from the EDFA pumped the CW and CCW propagating direction
in the FOPO, respectively. EDF: Erbium doped fiber. WDM: wavelength division
multiplexer. SA: saturable absorber. PC: inline polarization controller. HCN: 16.5 cm, 100
Torr HCN gas cell. PD: photodiode. DSF: dispersion shifted fiber. DL: delay line. VOC:
variable output coupler CH4: 5.5 cm, 100 Toor CH4 gas cell.······························· 48

8

Fig. 3.2 Calculated parametric phase-matching curve for the PMDSF. The generated signal
and idler wavelength can be predicted accordingly with a known pump wavelength. Dashed
line is the pump wavelength. Solid lines are the idler and signal wavelengths (above and
below the dashed line, respectively).····························································· 49
Fig. 3.3 Tunable output spectra from the bidirectional OPO cavity. Left and right panel
shows the output spectra from the CW and CCW direction, respectively. The pump was
centered around 1550 nm with a 30 to 40 nm bandwidth. By tuning the delay-line inside
the cavity, the idler wavelength can be tuned from 1605 nm to 1660 nm. ················· 50
Fig. 3.4 Optimized output spectrum from each arm for the DCS setup. (a) Output spectrum
of each propagation direction. (b) Zoom-in of the idler spectra. (c) The measured spectrum
of the combined beam at the L-band port of a WDM. (d) Zoom-in of the combined idler
spectrum. ····························································································· 52
Fig. 3.5 Calculated absorption spectrum of a 5.5 cm gas cell filled with 100 Torr CH4. The
blue area indicates where the idler wavelength covers. ······································· 54
Fig. 3.6 (a) Recorded single shot ITFG in time domain. (b) the RF spectrum obtained by
applying the FFT to the ITFG. The blue and red spectrum represented the single shot result
spectrum and the average of 225 spectra, respectively. ······································· 55
Fig. 3.7 Comparison between the measured result and the reference from HITRAN data
base. The absorption line center locations were measured with an error less than 0.01%.
The magnitude error was significant and up to 50%. ·········································· 56
Fig. 3.8 Recorded RF spectra for the examination of repetition rate stability. From bottom
to top are the spectrum of Er oscillator, OPO pump, and the output idler from the OPO.
The repetition rate and the difference are 72.22425 MHz and 81 Hz, respectively. ······ 57
Fig. 3.9 RIN measurement of each stage of the laser system. The results from CW (CO)
arm and CCW (CT) arm are plotted in panel (a) and (b), respectively. The dashed line
represents the Shot noise level of this measurement. ·········································· 58
Fig. 3.10 The linewidth of each arm and the relative linewidth at different stage. The
linewidth measurement results of the output from amplifier and the OPO were shown in

9

panel (a) and (c), respectively. DCS measurements were done at these two stages and the
results were plotted in panel (b) and (d). ························································ 59
Fig. 3.11 The recorded beat note frequency drift at different stages. (a) the beat note
frequency of the amplifier output. (b) the beat note frequency of the idler output from the
OPO. ·································································································· 60
Fig. 3.12 The recorded beat note frequency drift at different stages. (a) the beat note
frequency of the amplifier output. (b) the beat note frequency of the idler output from the
OPO. ·································································································· 61
Fig. 3.13 The schematics of the all-fiber SC light sources for ultrabroadband DCS system.
The first ring cavity at left is the FRBML mentioned in Chapter 2. At the center is a DCS
setup for 1550 nm. The solid lines and dashed lines are the optical path in fiber and free
space, respectively. EDF: Erbium doped fiber. WDM: wavelength division multiplexer.
SA: saturable absorber. PC: inline polarization controller. HCN: 16.5 cm, 100 Torr HCN
gas cell. BS: polarization insensitive beam splitter. PL: polarizer. ·························· 64
Fig. 3.14. Schematic drawing of the heterodyne process between comb modes and the result
of miniaturized optical frequency spectrum in RF domain. (a) Two optical frequency
spectra overlap after beam combination. (b) The frequency beating in optical domain.
Multi-heterodyne signals (𝛥𝑓𝑟 to 𝑘𝛥𝑓𝑟 ) can be detected by using a photodetector. (c) RF
spectrum can be seen as a miniaturized optical frequency spectrum through a factor of
𝑚 = Δ𝑓𝑟 /𝑓𝑟1 , where 𝑓𝑟1 is the repetition rate of the red comb. ···························· 65
Fig. 3.15. Measured SC spectrum from each arm and after beam combination. The orange,
red, and blue spectrum are the output from the CO-arm, CT-arm, and combined beam,
respectively. For the clarity, the spectra were shift 15 dB from each other. ··············· 67
Fig. 3.16. The recorded ITFGs of two wavelength zones. (a) ITFG recorded in the
wavelength range of 1000 nm to 1500 nm. (b) ITFG recorded in the wavelength range of
1500 nm to 2200 nm. (c) and (d) represent the expanded views of (a) and (b), respectively.
Free induction decay signals can be seen in both wavelength zones. ······················· 68
Fig. 3.17. (a) The comparison of recovered (colored line) and original SC spectrum (black
line). Wavelength below and above 1460 nm are plotted in blue and red, respectively. (b)

10

and (c) Expanded views of the water absorption bands around 1400 nm and 1840 nm,
respectively. ························································································· 69
Fig. 3.18. Measured SC linewidth at 1064 nm versus the oscillator pump current. The blue
and orange lines represent the results from the CO-arm and CT-arm, respectively. Although
the CO-arm showed broader linewidth than the CT-arm in general, the narrowest linewidth
was found at pump current of 220 mA for both arms. ········································· 70
Fig. 3.19. (a) The comparison of recovered (colored line) and original SC spectrum (black
line). Wavelength below and above 1460 nm are plotted in blue and red, respectively. (b)
and (c) Expanded views of the water absorption bands around 1400 nm and 1840 nm,
respectively. ························································································· 72
Fig. 4.1 The schematics of the laser system for the THz-TDS. The ring cavity fiber laser is
the FRBML mentioned in chapter 2. The combination of inline polarization controller and
PM-isolator provides the PM-seed to the PM-EDFA. Outputs from the amplifiers were
collimated to the free space. EDF: Erbium doped fiber. SA: saturable absorber. PC: inline
polarization controller. ISO: PM-isolator with fast-axis blocked. EDFA: lab-built erbium
doped fiber amplifier. ·············································································· 80
Fig. 4.2 Output spectra from the FRBML. The center wavelengths of CO-and CT-arm are
1555.4 and 1554.3, respectively. Bandwidth of CO-arm is about 6 nm, and CT-arm has a
bandwidth of 7.2 nm. ············································································· 81
Fig. 4.3 Autocorrelation trace of the fiber-compressed pulse from CO- and CT-arm. The
pulse durations are 65 fs and 70 fs for CO- and CT-arm, respectively. ····················· 82
Fig. 4.4 Measured drift of repetition rate difference between two outputs for a random 300
seconds.

·························································································· 83

Fig. 4.5 Schematic of THz-TDS measurement setup. The output pulses were split and the
1% port from each arm were combined and sent to a photodiode (PD) for the external
trigger (blue line). 99% ports were collimated and sent to the THz emitter and PPLN. Free
space paths are drawn in dash line. ····························································· 84

11

Fig. 4.6 (a) A measured photocurrent trace zoomed in to 200 ps. (b) The corresponding
power spectrum of the measured single time trace. ············································ 85
Fig. 4.7 (a) The resolved power spectra for the averaged time traces acquired in 33 ms, 330
ms, 3.3 s, and 30 s. (b) The comparison of the resolved power spectra of 30 seconds
averaging with the external trigger and self-trigger. The absorption frequencies were
compared to the HITRAN data of water absorption lines (yellow lines). Note that the
spectrum was shifted 10 dB for the clarity. ·················································· 86
Fig. 5.1 All-fiber FOPCPA System configuration. WDM: wavelength division multiplexer;
SA: saturable absorber; ISO: isolator; EDF: erbium doped fiber; OC: output coupler; BPF:
band pass filter; PC: polarization controller; DCF: dispersion compensation fiber; DL:
delay line; HNLF: highly nonlinear fiber; LSF: Corning SMF-LS fiber; OSA: optical
spectrum analyzer; Single green triangle: Er-doped fiber amplifier (EDFA); Double
triangle: main amplifier with double-cladding Er/Yb-codoped gain fiber for final highpower amplification. Blue and black guidelines represent polarization maintaining (PM-)
fibers and non-PM-fibers, respectively. ························································· 95
Fig. 5.2 The pump spectrum in linear scale before (38 nm bandwidth, black) and after the
spectral filter (5.5 nm bandwidth, red). Note that the power is normalized to the maximum
of each spectrum ···················································································· 97
Fig. 5.3 The calculated phase matching curve of LSF. The blue and red curve represent the
idler and signal wavelengths, respectively. ····················································· 98
Fig. 5.4 (a) Pump spectrum after the main amplifier with a power of 7 W. The modulation
on top is caused by a slight misalignment of polarization maintaining fiber splice. (b)
Stretched pump pulse shape in time domain measured by a fast sampling oscilloscope.
········································································································· 98
Fig. 5.5 Calculated gain spectrogram from 96 ps chirped pump pulse with 5.5 nm FWHM
spectral bandwidth. ················································································· 99
Fig. 5.6 Experimental illustration of matching signal gain and seed chirp slopes and the
resulting spectra. Three columns of panels from left to right correspond to the case of overchirped, exact-chirped, and under-chirped of the 1300 nm seed pulse, respectively. The

12

schematic spectrograms at the upper-right corner of each panel represent the seed chirp
(blue) and the signal gain chirp (rainbow). Different rows correspond the different time
delay between pump and seed pulses. ·························································· 100
Fig. 5.7 (a) The full output spectrum of FOPCPA with a 7 W pump and 4.5 m LSF with
(blue) and without (yellow) synchronization between pump and seed pulses. (b) FOPCPA
output power characterization. (c) When seeded signal and pump are fully overlapped
(blue), a 12-nm bandwidth centered at 1308 nm is amplified. The yellow curve is the SC
seed spectrum without turning on the pump. (d) Autocorrelation time trace of compressed
pulse duration of 306 fs. ·········································································· 102
Fig. 5.8 A collection of multiphoton images captured using this laser, (a) a lemon tree leaf,
(b) a pisum seed section, and (c) a section of an unstained mouse brain. Minor adjustments
were performed on the images, including adjusting the intensities of each image for the
composite (2PEF colored red, and THG colored green). The images were acquired with
only ~50 mW of laser power on the samples. ················································· 103

13

Abstract
Ultrafast laser technology has become an important tool to push the edge of scientific
knowledge and industrial applications. Many ultrafast lasers have been developed and
successfully used in research and in industry. Currently, Ti:sapphire solid state lasers could
be the most important and widespread apparatus to begin with. However, having an
ultrafast laser source with a compact size, stable performance, alignment- and
maintenance-free becomes a desirable feature for scientists and industrial developers,
especially for the applications in advanced spectroscopy and microscopy. In these ultrafast
laser applications, system movability becomes a challenge since a spectroscopy or
microscopy setup is supposed to be able to move to where the sample of interest is located.
This practical requirement makes femtosecond fiber lasers the best candidate.
In this dissertation, we have developed three ultrafast fiber laser sources for a variety
of spectroscopy and microscopy applications. The first source is a free-running compact
ultra-broadband fiber laser for dual-comb spectroscopy (DCS). We start from a freerunning bidirectional mode-locked fiber laser (FRBML) delivering two outputs, in
clockwise and counter-clockwise directions, near 1550 nm. The two outputs exhibit
mutual coherence since they are generated from a single laser cavity. They also have a
slight difference in repetition rate, which provides the required mechanism for DCS. This
laser design concept has been proven working by HCN absorption measurements which
was reported in the past by our group. The wavelength coverage of this source is then
extended here for broader detection ability. A piece of highly-nonlinear fiber was used for
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supercontinuum (SC) generation in each output arm of the FRBML. This mutually coherent
SC light sources cover a wavelength range from 1 μm to 2 μm. The water vapor absorption
resonances in the range from 1380 nm to 1850 nm measured with this newly developed
source show good agreements with the HITRAN data. Wavelength extension for this freerunning DCS source has also been done by using an all-fiber bidirectional optical
parametric oscillator (FOPO). This FOPO delivers two outputs with a tuning rage from
1600 nm to 1650 nm. Single-shot DCS measurements performed with the source and a CH4
gas cell indicate good absorption frequency accuracy when comparing to the HITRAN data.
The second source is related to another application of the FRBML in terahertz timedomain spectroscopy (THz-TDS). The amplified FRBML outputs (mentioned above) are
used as the excitation source on a pair of terahertz emitter and receiver. The repetition rate
difference of the outputs naturally provides the constant time-delay of the optical sampling
during the measurement. The terahertz wave generated from an advanced plasmonic
enhanced terahertz emitter is from 0.1 to 1.5 THz. The generated terahertz wave has been
demonstrated to be useful in high signal-to-noise ratio free-running THz-TDS. This triggerfree, free-running THz-TDS performance was characterized with the water vapor
absorption and the results matched well with the HITRAN data.
The third source is a high power all-fiber optical parametric chirped-pulse amplifier
(FOPCPA) developed for deep-tissue multiphoton microscopy (MPM). We first generate a
SC to get a seed around 1300 nm. A piece of Corning SMF-LS fiber was used as the
parametric gain medium. With a 7 W pump power at 1550 nm, about 40 dB gain at 1300
nm was achieved. As the result, Watt-level output power with a 12-nm bandwidth
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(supporting ~300 fs pulses) centered at 1308 nm is obtained by the FOPCPA. This light
source has been integrated with our lab-built multiphoton microscope. Multiphoton
imaging of a variety of samples carried out with this light source has shown a good signal
to noise ratio.
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Chapter 1. Introduction

Chapter 1
Introduction
Ultrafast laser technology has become an important tool to push the edge of
knowledge and industry development. Various ultrafast lasers have been used in different
research areas and practical applications including ultrafast phenomena [1], ultrashort
wavelength generation [2], terahertz wave generation [3], micromachining [4], frequency
comb based spectroscopy [5], light detection and ranging (LIDAR) [6], multiphoton
microscopy [7], coherent Raman and anti-Stoke Raman scattering spectroscopy [8], etc.
Among these advanced technologies, Ti:sapphire solid state laser could be the most
important and widespread apparatus to begin with. This laser delivers intense ultrashort
pulses with high peak power around the wavelength of 800 nm [9]. However, this laser is
bulky, expensive, and complex to tune and maintain the performance, especially for long
term operation. Although an operator can fully understand and control the laser after
training, the applications requiring long term stability may need the operator tuning the
laser frequently, and which is not convenient and practical to have Ti:sapphire lasers widely
deployed other than in research labs. Having an ultrafast laser source with a compact size,
stable performance, alignment- and maintenance-free becomes a desirable feature for
scientists and industrial developers. Fiber laser is the closest perfect candidate, in our
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opinion. Since 2000, fiber laser technology has rapidly evolved. In the near infrared region,
the neodymium-, ytterbium-, erbium-, and thulium-doped active fibers provide the laser
wavelength coverage from 850 nm to 2000 nm [10-12]. In addition, fiber components
needed to construct fiber lasers and amplifiers have been successfully engineered and are
now mass-producible due to the previous telecommunication developments. With the
progress of material science, production of fiber components for various wavelengths
become more mature and better in quality. All these improvements accelerate the
development of advanced all-fiber lasers having the performance competitive to the
traditional Ti:sapphire lasers. For example, optical parametric oscillator (OPO) uses
nonlinear optics methods to generate widely tunable laser output. If one uses the
Ti:sapphire laser as the pump source, the full system not only takes huge volume of space,
but also becomes more sophisticated and difficult to maintain [13]. In recent years, all-fiber
OPO has been demonstrated with important applications proposed [14, 15]. The flexibility
of fiber enables to shrink the final system volume to the size of an XBOX console. In the
research and development of the above mentioned areas, the size of light source system is
often a potential problem to solve before incorporating those technologies into our real life
for the daily application, especially for the laser based spectroscopy and microscopy. In the
spectroscopy and microscopy applications, using broadband or multiple wavelengths is
common for maximizing the detection range. As the result, the light source system can be
more complicated and occupying more space than the detection or imaging system itself.
This thesis is dedicated to the developments of compact light sources for
spectroscopy and microscopy technology with or based on all-fiber format femtosecond
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lasers. The works are mainly focused on dual-comb spectroscopy (DCS), terahertz time
domain spectroscopy (THz-TDS), and multiphoton microscopy.
In chapter 2, DCS based on a free-running bidirectional mode-locked fiber laser
(FRBML) is demonstrated. DCS is an advanced spectroscopy technique that is based on
the knowledge and working principle of Fourier transform spectroscopy (FTIR) [16]. In
traditional FTIR, one laser beam is split to two arms. The test sample is placed on the beam
path of one arm. The other arm is equipped with a motor-driven reflective mirror which
can move to vary the difference in optical path compared to the arm with the sample. The
phase difference caused by the moving arm leads to the formation of the interferogram
when these two beams are recombined. This interferogram can be recorded as a time
domain signal with an oscilloscope. Applying Fourier analysis to the interferogram reveals
the frequency spectrum and the spectroscopic information can be then extracted. However,
the moving part increases the instability and reduces the measurement speed. The length
of the moving arm determines the resolution of the spectroscopy, and there is a trade-off
between the resolution and acquisition time. DCS shows a new way to implement the FTIR
detection process, providing fast acquisition time, high resolution, and high accuracy. A
DCS requires two frequency combs as the light sources. Moreover, these two frequency
combs are needed to be coherent to each other [17]. The slight repetition rate difference
between two combs replaces the mechanism of moving delay to form the interferogram
when combining the two beams. To keep both lasers performing stably and mutually
coherent to each other, multiple complex electronic servo loops are required. This further
increases the complexity of the light source system, not to mention the size and the cost.
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We have demonstrated a bidirectional mode-locked fiber laser delivering two outputs
around 1550 nm from a single shared ring laser cavity. Due to the laser dynamics in the
cavity is slightly different in different propagation direction, two outputs have a slight
difference in the repetition rate, providing the key mechanism for DCS. Furthermore, two
outputs from this laser have common noise from the shared cavity, which can be canceled
during the detection process, and therefore, no electronic servo loop was needed in our
experiment. The absorption lines of HCN was measured and the results showed good
agreements with the HITRAN data [18].
In chapter 3, the wavelength extension of the FRBML and DCS based on the newly
generated wavelengths will be discussed. One of the problems that DCS must solve before
it can replace the traditional FTIR is in the detection bandwidth. Since DCS is based on
optical frequency combs, the laser light sources have to be available at the wavelength
region of interest. Previously, various methods to extend the wavelength region for DCS
had been demonstrated like supercontinuum generation and OPO [19, 20]. However, the
systems were using either Ti:sapphire lasers or fiber lasers with free space setups for the
new wavelength generation step, which is bulky and very difficult to move a system to
another place. Note that these systems still need sophisticated electronic servo control to
maintain the performance. In our work, we start from the FRBML operating at 1550 nm to
generate a supercontinuum for each output arm covering from 1 μm to 2 μm using a piece
of highly nonlinear fiber. These two supercontinuum light sources were then combined for
the broadband DCS measurement. The water vapor absorption measurement results agree
with the absorption frequency from HITRAN database. Another nonlinear optical method
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we adopted to generate new wavelength is all-fiber format OPO (FOPO). The two outputs
from the FRBML were used as the pump for a bidirectional all-fiber OPO cavity. This
FOPO delivers an output from each propagation direction. The repetition rate and its
difference are inherent from the original FRBML. The outputs are tunable from 1600 nm
to 1650 nm. The DCS based on this FOPO was used to measure the absorption lines of a
CH4 gas cell and the results showed good agreements with the HITRAN data. These
preliminary results from the free-running DCS with varied operation wavelengths provide
a foundation of developing simple, compact, affordable, and movable DCS systems.
Chapter 4 presents a terahertz time-domain spectroscopy (THz-TDS) setup based on
the FRBML. Terahertz waves possess the wavelength range between the radio waves and
the far-infrared waves. Relatively long wavelength allows terahertz waves to penetrate a
wide variety of matters, just like the radio waves, and it also can be easily guided like
visible light waves with THz optics. This interesting property makes THz waves a good
light sources for spectroscopy applications. One can access the rotational fingerprint region
using THz waves. The rotational absorption spectra are relatively simple and clearer than
the complex vibrational or rovibrational spectra. In addition, for larger and more complex
molecules like sugars, pharmaceuticals, and agricultural chemicals, the longer wavelengths
than far-infrared are needed for spectroscopic purposes [21, 22].
A THz-TDS setup mainly comprises of a THz emitter, a time-delayed THz detector,
and the sample in between. The delay arm in THz-TDS provides a constant time delay as
the time base for optical sampling. Similar to FTIR, the time-domain signal can be
processed with Fourier transform to obtain the spectral information. The terahertz light
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source is typically generated from a semiconductor with antenna structures excited by a
strong femtosecond pulse [23]. The receiver is excited by another time-delayed
femtosecond pulse to sample the coming terahertz wave [24]. For this reason, the setup of
THz-TDS with Ti:sapphire lasers have the same challenges as mentioned above. In our
work, the complex laser system with a moving delay arm is replaced by a FRBML. The
repetition rate difference provides the mechanism of the delayed excitation for the receiver.
With the FRBML we can generate terahertz wave from 0.1 THz to 1.5 THz. The water
vapor in the ambient environment was used as the sample for the absorption measurement.
The results indicate good spectral accuracy when comparing to the HITRAN data.
In chapter 5, an all-fiber optical parametric chirped-pulse amplifier (FOPCPA)
delivering Watt-level average power femtosecond pulses will be presented. In multiphoton
microscopy (MPM), 1300 nm and 1700 nm wavelengths have been identified as key
wavelength regions for deep tissue imaging due to low scattering, low water absorption,
and the ability to excite endogenous fluorophores [25]. To date, both of these wavelengths
are still difficult to achieve, especially a watt-level output power, using traditional gain
media. This high power operation is important because the required nonlinear excitation
power typically increases with the image depth [26]. Therefore, nonlinear optical
techniques are typically used to develop high power lasers working at 1300 nm or 1700 nm
region for MPM. Supercontinuum generation and OPO are the most common methods to
obtain the wavelengths in these region [27, 28]. Supercontinuum output power at certain
wavelength range is usually limited due to the broad power distribution. Ti:sapphire laser
based high-power OPO can provide the needed power and wavelength. However, the light
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source system is not only complex and expensive but also occupying more space than the
microscopy system itself. For these reasons, high-power fiber laser systems are attractive
as the light sources for MPM. In this work, we use the 1550 nm output from a mode-locked
fiber laser to generate a supercontinuum. The 1300 nm part of this supercontinuum was
then used as the seed. From the same oscillator, a part of the 1550 nm output was amplified
for pumping a FOPCPA. A piece of Corning SMF-LS fiber was chosen as our parametric
gain media. With a 7 W pump power, the FOPCPA provided 40 dB gain around 1300 nm
and delivered an output achieving Watt-level with 12-nm bandwidth centered at 1308 nm.
After compression with a grating pair the laser pulses were about 306 fs in duration. This
light source has been integrated with our lab-built MPM. Multiphoton imaging of a variety
of samples carried out with this light source shows a good signal to noise ratio.
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Chapter 2
Dual-comb Spectroscopy with a Freerunning Bidirectional Mode-locked Laser
A free-running bidirectional mode-locked fiber laser as the excitation light sources in
a dual comb spectroscopy (DCS) setup will be introduced in this chapter. The bidirectional
mode-locking operation can be realized by tuning the polarization controller inside the ring
laser cavity. Two outputs from the different propagation directions (clockwise and counterclockwise) in the oscillator provide similar output spectra with highly mutual coherence.
The repetition rate difference of these two outputs enable the formation of stable
interferograms when combining them on a photodetector, providing the key mechanism for
DCS. The measurement of HCN absorption lines by this free-running DCS shows good
agreement in accuracy with the HITRAN standard database. Section 2.1 introduces the
development of DCS. Section 2.2 describes the experiment setup of our bidirectional modelocked fiber laser as the light sources for DCS. DCS measurement results and discussion
are given in Section 2.3, and finally, Section 2.4 summarizes this research work.

24

Chapter 2. DCS with a Free-running Bidirectional Mode-locked Laser

2.1 Introduction to DCS
Optical frequency comb (OFC) is a frequency spectrum formed by an ideal optical
pulse train. This spectrum can be precisely determined by two parameters: the carrierenvelope-offset frequency, 𝑓𝑐𝑒𝑜 (supposedly anchor the first tooth frequency), and the
laser pulse repetition rate, 𝑓𝑟 (the spacing of comb teeth). Due to the substantial stability
of the comb teeth, OFC is a powerful tool and has been widely employed in optical
metrology [29]. The applications include optical clock, astrophysical spectrograph
calibration, molecular spectroscopy, ultra-stable microwave generation for Doppler radar,
and coherent light detection and ranging (LIDAR) [30-34].
In the spectroscopy development, OFC based spectrometers have ignited scientists’
interest since the first demonstration of dual-comb spectroscopy (DCS) [35-37]. DCS is a
form of Fourier transform spectroscopy in which the traditional moving mirror is
eliminated. DCS adopts two mutually coherent OFCs having similar center wavelength but
a slightly repetition rate difference to sample each other when heterodyning two OFCs. The
result will be recorded as an interferogram of two OFCs in time domain. After a Fourier
transform process, the spectroscopic information can be retrieved. In comparison to
conventional Fourier-transform spectroscopy, DCS performs orders of magnitude
improvement in acquisition speed while still preserving its high-resolution capability [3841]. These two combs are typically generated from two different laser cavities, so they are
typically not phase coherent. In this case, OFCs from different sources exhibit independent
and random drift. The interferogram may be distorted due to the random phase difference
between the two combs. The formed interferogram with these OFCs may vary from one to
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another. Obtaining a constant and averageable interferograms becomes impossible when
just simply using two independent femtosecond laser sources. Therefore, applying phase
lock technique on the two combs with servo electronics is necessary for this DCS
architecture. Each comb has two degrees of freedom, so four servo locks are needed on top
of the knowledge of 𝑓𝑐𝑒𝑜 for each comb. To measure the 𝑓𝑐𝑒𝑜 one needs to apply the socalled f-to-2f interferometry [42]. After overcoming all the mentioned complexity and
sophisticated challenges, the state-of-the-art DCS performance has been achieved [32, 38].
However, wider adoption of DCS has been difficult since this technique needs expensive
ultrafast lasers and complex electronic systems. Simplifying the setup of high quality DCS
becomes a research topic that scientists are strongly interested in [43, 44].
In this work, we demonstrate another scheme for DCS that the complex phase lock
steps are not needed. Previously, it had been reported that a ring fiber laser can be modelocked bidirectionally [45]. These two outputs are from a single laser cavity with shared
passive fiber, active fiber, and a saturable absorber. Thus, these two OFCs also share
common noise/drift sources which can be cancelled when heterodyning the OFCs.
Furthermore, the two pulse trains have a slight difference in repetition rate due to the
slightly different dynamics in different propagation directions. This provides the key
mechanism for the DCS application. With this free-running bidirectional mode-locked fiber
laser, we have been able to demonstrate real-time absorption spectroscopy measurements
without complex servo locking. The results show the frequency accuracy with relatively
high signal to noise ratio. The compact all-fiber and free-running implementation scheme
of DCS provides a promising tool for practical, outside-of-laboratory applications.
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2.2 Experiment Setup and Laser Characterization
The design of the single cavity bidirectional mode-locked fiber laser that was used
for DCS application is similar to what has been reported in [45]. Figure 2.1 shows the
schematic diagram of the laser cavity. The total cavity length in this design was tailored to
make the pulse repetition rate higher than previously reported one. Higher laser repetition
rate provides shorter data acquisition time in DCS. For the cavity design, we used about 75
cm of Er-doped fiber (EDF, n-Light Er-40) as the gain medium. The rest of fibers in the
cavity, SMF-28 and ~15 cm CS-980 fiber from the 980/1550 wavelength division
multiplexer (WDM), are used to provide net anomalous cavity dispersion. The total cavity
length is ~2.83 m, corresponding to a laser repetition rate of 72.383 MHz. Inside the cavity,
unlike in a typical fiber laser with ring cavity, the isolator was removed to enable modelocking in both clockwise (CW) and counter-clockwise (CCW) propagating directions. For
clarity, pump direction was used to define the output arm in this dissertation. The pump
laser was only propagating in CW direction according to Fig. 2.1. The laser light field that

Fig. 2.1 Schematic diagram of the bidirectional mode-locked fiber laser cavity.
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was co-propagating with pump laser was defined as CO-arm, which is shown as the bottom
branch in Fig. 2.1. The top branch was defined as CT-arm, since the laser field propagates
counter to the pump direction (counter-pumping scheme). The saturable absorber (SA) was
based on a fiber taper and single-wall carbon nanotube polymer mixture [46]. An inlinetype polarization controller (PC) was placed in the cavity to optimize the mode-locking
operation. The laser power was coupled out with a 2 by 2, 50/50 ratio output coupler.
Although every component inside the laser cavity was shared by each arm, the component
sequence for each direction is different. For CT-arm, laser light generated from EDF passed
SA and then the output coupler. Along the propagating direction, CT-arm possessed its
highest power right before the SA. In contrast, light from CO-arm passed the output coupler
and loses 50% of power, before reaching the SA. For this reason, CT-arm was typically
mode-locked first while increasing the pump power, and then the CO-arm. In the aspect of
output power, the performance was opposite. Light propagating in CO-arm had the highest
power right before the output coupler, since the EDF was spliced next to it. For CT-arm,
the amplified light must propagate through the SA and then reach the output coupler,
namely, one more loss mechanism than CO-arm, causing the lower output power from the
CT-arm. The laser repetition rate of each arm was affected due to the same reason, so
between two arms there existed a repetition rate detuning, Δ𝑓𝑟 . By rotating the PC inside
the cavity, Δ𝑓𝑟 can be tuned in a range from 40 to 120 Hz. In this experiment, the laser
output power of CO- and CT-arm was ~2.5 and 1.7 mW, respectively. The repetition rate
difference with the optimum laser stability was about 80 Hz. The output spectra were
measured by an optical spectrum analyzer (OSA), as shown in Fig. 2.2. The full width half-
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maximum (FWHM) spectral bandwidth of CO- and CT-arm was 4.8 and 6.5 nm, centering
at 1555.5 and 1553.4 nm, respectively.
Since a DCS data was recorded as the time domain signal created by the two comb
sources optically sampling each other. It is an asynchronous optical sampling process due
to the difference of the repetition rate of the two sources. This time domain signal is called
interferogram (ITFG). Hence, a time-domain-stable light source is crucial for DCS
measurement. In typical frequency comb source performance analysis, the time domain
stability of the source is presented as a form of Allan variance, or Allan deviation (ADEV),
which is the square root of Allan variance.

Fig. 2.2 The measured spectra from OSA. Blue and green line represent the spectrum
of CO- and CT-arm, respectively. The output power, center wavelength, and spectral
band width were 2.5 mW, 1555.5 nm, and 4.8 nm for CO-arm, and 1.7 mW, 1553.4 nm,
and 6.5 nm for CT-arm, respectively.
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This ADEV analysis starts from measuring the laser repetition rate precisely with a
frequency counter. Frequency counter measures the frequency νk(τ) periodically with a time
duration τ. This readout represents the time average of ν(τ) as
1

(𝑘+1)𝜏

𝜈𝑘 (𝜏) = 𝜏 ∫𝑘𝜏

𝜈(𝑡) 𝑑𝑡 .

(2.1)

For N samples taken of νk(τ), the standard variance (SDV) is
1

2

𝜎𝜈2 (𝜏) = 𝛮−1 ∑𝑁
𝑘=1 [𝜈𝑘 (𝜏) − 〈𝜈𝑘 (𝜏)〉𝑁 ] ,

(2.2)

where the bar on top means the average value and the bracket means the expectation value.
This SDV depends on the total sample number N, which means the bias grows when the
measured sample number become larger. The long term (in time domain) stability would
not be truly reflected from this data. Allan variance is, therefore, developed for the purpose
of less biased analysis results.
Allan variance is defined as the expectation of the two-sample variance, namely, the
expectation of Eq. (2.2) with the sample number N = 2. Mathematically, the measured Allan
variance is expressed as
1

2
𝜎𝐴 2𝜈 (𝜏) = 2(𝑀−1) ∑𝑀−1
𝑘=1 [𝜈𝑘+1 (𝜏) − 𝜈𝑘 (𝜏)] ,

(2.3)

where M is the number of contiguous samples νk(τ) and we have (M – 1) differences as
𝜈𝑘+1 (𝜏) − 𝜈𝑘 (𝜏). The ADEV is then the square-root of the Allan variance. In Eq. (2.2), the
fluctuation between each sample will eventually wash out through the average over total
sample number N. In contrast, Eq. (2.3) shows that ADEV is based on exactly the difference
between two contiguous samples.
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Fig. 2.3 Measured Allan deviation of the laser repetition rate from the frequency
counter. Blue and green marks indicate the measurement with different gate time
setting. The linear tendency reflects the white frequency noise (shot noise level)
dominant the ADEV result, which indicates the good quality in repetition rate stability.

Figure 2.3 shows the measured ADEV of the repetition rate of the single-cavity
bidirectional mode-locked fiber laser. The x-axis is the sampling period τ of ADEV
measurement. The gate time is the time duration τg corresponding to dt in Eq. (2.1). There
are τ/τg frequencies measured to evaluate 𝜈𝑘 (𝜏) during one sampling period. Fig. 2.3
shows that ADEV in acquisition time of 1 ms is ~2.5 × 10-8 with the 50 μs gate time. The
interpretation of this data is that, during an observation time of 1ms, the frequency
deviation is ~2.5 × 10-8. For the laser repetition rate of 72.383 MHz, the deviation
corresponds to a fluctuation of 1.81 mHz during 1 ms. Note that with both gate time setting,
the ADEV results are the same and both data show the slope of -1. This slope implied that
the noise source that dominant the ADEV measurement was the quantization noise, namely,
the noise is created by the process of sampling and quantizing a contiguous signal with a
finite word length conversion. The linear ADEV with a slope of -1 as shown in Fig. 2.3
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Fig. 2.4 Schematic of RIN measurement setup. RIN of both outputs was measured with
the same setup. The signal after photodetector was sent to a bias-tee to separate AC
and DC signals. AC signal was then sent to the RF spectrum analyzer, and Dc part was
sent to the oscilloscope to measure the carrier voltage. PD: photodiode. RFSA: RF
spectrum analyzer.

indicates the good stability of the repetition rate for this laser source during the observation
time from 0.1 ms to 0.1 s.
Another important indicator of laser quality is the relative intensity noise (RIN). RIN
reflects the power fluctuation of the laser source. The working principle of DCS is based
on the optical sampling, which is realized by the two mutual coherent asynchronous pulse
trains. The fluctuation of the output power would cause the generation of unstable and
inconsistent interferograms. Moreover, power fluctuation also couples the noise into the
phase noise (timing jitter and repetition rate fluctuation) of an OFC, affecting the DCS
performance. Thus, the RIN of the single cavity bidirectional mode-locked fiber laser is
measured. RIN is carried out by a RF spectrum analyzer. Figure 2.4 illustrates the schematic
of the measurement setup. The unit of RIN is dBc/Hz, meaning the fraction of fluctuation
power to the carrier power in decibel within a 1 Hz bandwidth. The fluctuation power and
carrier power are measured as AC and DC voltage, respectively. The laser output power is
measured with a low-bandwidth (10 MHz) photodetector. In time domain, frequency higher
than the detector bandwidth would be averaged in time, and the output of detector is a DC

32

Chapter 2. DCS with a Free-running Bidirectional Mode-locked Laser

voltage shown on the oscilloscope. Any laser power fluctuation with a frequency lower
than the detector bandwidth would be detected and be presented as the AC voltage
superposing on the DC voltage. A bias-tee circuit is employed to separate AC and DC
portions. The AC signal is then sent to a RF spectrum analyzer for the power spectrum
measurement. The DC signal is connected to an oscilloscope and the measured averaged
voltage is used for calculating the carrier power for normalization. We normalize the
measured power spectrum to the carrier power, and then normalized to the frequency
resolution bandwidth used in power spectrum measurement to obtain RIN. The result is
shown in Fig. 2.5. Integrating the RIN to the frequency obtains the total power fluctuation
within 10 MHz, and for CO- and CT-arm the fluctuations are 0.016% and 0.012%,
respectively.

Fig. 2.5 RIN measurement result. The blue line is the noise level of the instruments
measured without any input. Red line and green line are the RIN of CO-arm and CTarm, respectively. The dashed line is the calculated Shot noise level.
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2.3 Results and Discussion
After the understanding of the bidirectional mode-locked laser and its performance,
the application of this laser as the DCS light source and the DCS measurement result with
HCN will be discussed. The resolution of DCS is not only determined by the laser repetition
rate, but also by the relative linewidth of the frequency comb. The comb linewidth at
FWHM needs to be narrower than 𝑓𝑟 /2 to fully resolve the comb teeth. Narrower
linewidth also implies a fact that the laser has lower fluctuation in both power and repetition
rate (timing jitter).
The linewidth of each comb tooth can be obtained by frequency beating with a stable
narrow linewidth single frequency laser. A single frequency laser (KOHERAS, Inc)
centered at 1549.513 nm with a laser linewidth less than 1 kHz was used for this
measurement. Figure 2.6 shows the schematic of the linewidth measurement setup. The
two outputs from the bidirectional mode-locked laser (CO-arm and CT-arm) are combined
Bidirectional
mode-locked
fiber laser

O

O

CW 1549 nm

O

PD

E

PD

E

E

Oscilloscope

Fig. 2.6 Schematic of the heterodyne frequency and linewidth measurement. The O
block is the 1550 nm 50/50 optical coupler for combine CW laser and pulse train from
each arm. The solid line represents the optical fiber. Dashed line is the electrical wire.
The E block is the Electrical 50/50 coupler. The crossed block is the frequency mixer.
PD: photodiode.
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with the continuous-wave (CW) laser by using a 50/50 coupler for each arm. The combined
signal is then connected with an optical band pass filter with a bandwidth of 1 nm centered
at the CW laser wavelength. Both combined signals are then detected by photodiodes. The
heterodyne frequency can be obtained in RF region through the real-time Fourier transform
of the time-domain trace from oscilloscope, and they are denoted as 𝑓b1 and 𝑓b2 ,
respectively. From these two heterodyne results, we obtain the relative linewidth to the CW
laser for each comb. The detected heterodyne signals are also split for the frequency mixing.
After the frequency mixer, the mixed signal (heterodyne of 𝑓b1 and 𝑓b2 ) is also sent to
the oscilloscope to get the heterodyne result, Δ𝑓b , and its linewidth in frequency domain.
The results are depicted in Fig. 2.7. The linewidth of 𝑓b1 (from CW and CO-arm) and 𝑓b2
(from CW and CT-arm) are 3 kHz and 2.5 kHz, respectively. Of more importance, the
linewidth of Δ𝑓b , is 1.58 kHz, and it is located at ~4.769 MHz. This narrow relative

Fig. 2.7 Heterodyne signals in RF domain. Signals locate around 12.3 MHz and 17.1
MHz are the heterodyne result fb1 (CW and CO-arm) and fb2 (CW and CT-arm),
respectively. The linewidths are measured as 3 kHz and 2.5 kHz for fb1 and fb2,
respectively, with a resolution of 1.13 kHz. The signal at the center is the zoomed
heterodyne result from fb1 and fb2. The linewidth is 1.6 kHz.
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linewidth between two comb sources reflects that the drift of the counter-propagating
combs is slow. To further verify the drift is slow and the noise can be canceled (meaning
the drift of each comb is similar), we record the frequency of 𝑓b1 , 𝑓b2 , and Δ𝑓b for one
minute. Figure 2.8 shows the recorded frequency drift. The data is recorded with every
second. The slow drift of 𝑓b1 and 𝑓b2 is shown in the lower panel. The Upper panel
shows the difference, namely, the heterodyne between 𝑓b1 and 𝑓b2 . The averaged
frequency of Δ𝑓b is 4.769 MHz with a standard deviation of 1.58 kHz. We believe that the
reason for these experimental results is the sharing of cavity, which means the noise from
the cavity is also shared, and that can be canceled out via the heterodyne process.
Before we present the DCS measurement result of HCN gas cell, one thing should be
introduced for understanding the experimental results smoothly, which is the method of

Fig. 2.8 The recorded heterodyne signal sampled every second for 1 minute. The drift
for each arm is common, and therefore, the heterodyne of fb1 and fb2, Δfb is fixed around
the frequency of 4.769 MHz with a standard deviation of 1.58 kHz.
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retrieving absolute optical frequency from the measured RF spectrum. For DCS with tight
phase-locking, both 𝑓𝑐𝑒𝑜 and 𝑓𝑟 of each comb are known. In this case, the RF spectrum
𝑅𝐹
can be simply expressed by 𝑓 𝑅𝐹 = 𝑓𝑐𝑒𝑜
+ 𝑛Δ𝑓𝑟 , where 𝑛 is an integer (comb mode order).

Through the tight phase-locking, the 𝑓𝑐𝑒𝑜 of each comb can be controlled to be the same,
and in RF domain, the spectrum is then more simplified as 𝑓 𝑅𝐹 = 𝑛Δ𝑓𝑟 . The real frequency
of each optical comb teeth is the radio frequency multiply by the down-conversion factor
𝑓𝑟 /Δ𝑓𝑟 , and adding the 𝑓𝑐𝑒𝑜 back to fully retrieve the optical frequency.
In contrast, the 𝑓𝑐𝑒𝑜 and 𝑓𝑟 of this free-running bidirectional mode-locked laser
based DCS are not controlled by any electronics device or frequency reference. Thus, the
𝑓𝑐𝑒𝑜 is remained unknow and 𝑓𝑟 is drifting for both arms. To retrieve the optical frequency
from the measured RF spectrum, we need more information. In short, the optical frequency
can be retrieved as
𝑓

𝑟1
𝜈 = (𝑓 𝑅𝐹 − Δ𝑓𝑏 ) Δ𝑓
+ 𝜈𝐶𝑊 ± 𝑓𝑏1 ,
𝑟

(2.4)

where 𝜈 is the optical frequency and 𝜈𝐶𝑊 is the frequency of the CW laser that is
heterodyning with the comb from each arm [47]. The derivation of Eq. (2.4) is given below.
Figure 2.9 illustrate the concept of the frequency comb created from a pulsed laser.
1
The frequency of a comb tooth of each comb can be expressed by 𝜈𝑛+𝑘
= 𝑓𝑐𝑒𝑜1 + (𝑛 +

𝑘) 𝑓𝑟1 and 𝜈𝑛2 = 𝑓𝑐𝑒𝑜2 + 𝑛𝑓𝑟2 , respectively. Their frequency difference is
Δ𝜈 = 𝑓𝑐𝑒𝑜2 − 𝑓𝑐𝑒𝑜1 + 𝑛𝑓𝑟2 − (𝑛 + 𝑘)𝑓𝑟1
= Δ𝑓𝑐𝑒𝑜 + 𝑛(𝑓𝑟1 + Δ𝑓𝑟 ) − (𝑛 + 𝑘)𝑓𝑟1
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= Δ𝑓𝑐𝑒𝑜 + 𝑛Δ𝑓𝑟 − 𝑘𝑓𝑟1
𝑅𝐹
≡ 𝑓𝑐𝑒𝑜

(2.5)

𝑅𝐹
where 𝑓𝑐𝑒𝑜
is the carrier-envelope offset of the RF comb in RF spectrum region, and
1
𝑅𝐹
𝑓𝑐𝑒𝑜
< Δ𝑓𝑟 . Note that the frequencies 𝜈𝑛+𝑘
and 𝜈𝑛2 is not randomly chosen. Instead, these

two frequencies are located at the tooth of each arm that is closest to each other (so their
difference can be less than Δ𝑓𝑟 ). Thus, the frequency difference of next pair of teeth (one
𝑅𝐹
from each arm) is then 𝑓𝑐𝑒𝑜
+ Δ𝑓𝑟 and so on. Now assuming the frequencies of comb tooth
1
2
from each arm that is the closest to the CW laser frequency, are 𝜈𝑛+𝑘+𝑚
and 𝜈𝑛+𝑚
. The

frequency difference between the heterodyne frequency of each tooth and the CW laser
(𝑓𝑏2 − 𝑓𝑏1 ) is denote as Δ𝑓𝑏 . This Δ𝑓𝑏 is also corresponding to the frequency difference
1
2
𝑅𝐹
between 𝜈𝑛+𝑘+𝑚
and 𝜈𝑛+𝑚
, and which is 𝑓𝑐𝑒𝑜
+ 𝑚Δ𝑓𝑟 as well. By now, we have all the

information to retrieve the optical frequency from the measured data in RF region.

Fig. 2.9 The illustration of the frequency of each comb. 𝑓𝑐𝑒𝑜 is the carrier-envelope
offset frequency. 𝜈𝐶𝑊 is the frequency of the CW laser. 𝑓𝑏 is the heterodyne
frequency from the comb tooth and CW laser.
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2
To reconstruct the arbitrary frequency in optical region, for example, 𝜈𝑛+𝑠
, (see Fig.
2
2.9) we can express 𝜈𝑛+𝑠
by
2
𝜈𝑛+𝑠
= 𝑓𝑐𝑒𝑜2 + (𝑛 + 𝑚)𝑓𝑟2 − (𝑚 − 𝑠)𝑓𝑟2
2
= 𝜈𝑛+𝑚
− (𝑚 − 𝑠)𝑓𝑟2
𝑓

𝑟2
2
= 𝜈𝑛+𝑚
− (𝑚Δ𝑓𝑟 − 𝑠Δ𝑓𝑟 ) Δ𝑓

𝑟

2
𝑅𝐹
𝑅𝐹 )
= 𝜈𝑛+𝑚
− (𝑓𝑐𝑒𝑜
+ 𝑚Δ𝑓𝑟 − 𝑠Δ𝑓𝑟 − 𝑓𝑐𝑒𝑜

𝑓𝑟2
Δ𝑓𝑟
𝑓

𝑟2
2
𝑅𝐹
𝑅𝐹
= 𝜈𝑛+𝑚
− [𝑓𝑐𝑒𝑜
+ 𝑚Δ𝑓𝑟 − (𝑓𝑐𝑒𝑜
+ 𝑠Δ𝑓𝑟 )] Δ𝑓
.
𝑟

(2.6)

𝑅𝐹
Note that the terms 𝑓𝑐𝑒𝑜
+ 𝑚Δ𝑓𝑟 in the parenthesis can be written as Δ𝑓𝑏 . The other part
1
𝑅𝐹
2
𝑓𝑐𝑒𝑜
+ 𝑠Δ𝑓𝑟 is the frequency difference between 𝜈𝑛+𝑘+𝑠
and 𝜈𝑛+𝑠
, and it is also one of
𝑅𝐹
the RF comb tooth location in RF spectrum. Here we define 𝑓𝑐𝑒𝑜
+ 𝑠Δ𝑓𝑟 as 𝑓𝑠𝑅𝐹 since it
2
represents the sth RF comb mode. Finally, after replacing 𝜈𝑛+𝑚
by 𝜈𝐶𝑊 − 𝑓𝑏2 , we can

rewrite Eq. (2.6) as
𝑓

𝑟2
2
𝜈𝑛+𝑠
= (𝜈𝐶𝑊 − 𝑓𝑏2 ) − (Δ𝑓𝑏 − 𝑓𝑠𝑅𝐹 ) Δ𝑓

𝑟

𝑓𝑟2

= (𝑓𝑠𝑅𝐹 − Δ𝑓𝑏 ) Δ𝑓 + 𝜈𝐶𝑊 − 𝑓𝑏2 ,
𝑟

(2.7)

which is the formula in Eq. (2.4). In Eq. (2.4), 𝑓𝑟1 and 𝑓𝑏1 is used instead of 𝑓𝑟2 and
𝑓𝑏2 , which is because in the derivation we assume 𝑓𝑟2 = 𝑓𝑟1 + Δ𝑓𝑟 . If one starts the
derivation from 𝑓𝑟1 = 𝑓𝑟2 + Δ𝑓𝑟 (i.e. 𝑓𝑟1 is larger), then the result would be exactly Eq.
(2.4). The sign in front of 𝑓𝑟2 (or 𝑓𝑟1 ) is determined by the frequency of 𝜈𝐶𝑊 and
2
1
2
1
𝜈𝑛+𝑚
(or 𝜈𝑛+𝑚
). Minus sign happens when 𝜈𝐶𝑊 > 𝜈𝑛+𝑚
(or 𝜈𝑛+𝑚
), as Fig. 2.9 shown.
2
1
When 𝜈𝑛+𝑚
(or 𝜈𝑛+𝑚
) > 𝜈𝐶𝑊 , the plus sign is used (the terms in parenthesis is in the case

𝑓𝑟1 = 𝑓𝑟2 + Δ𝑓𝑟 ). By this method, we can retrieve the absolute optical frequency even

Chapter 2. DCS with a Free-running Bidirectional Mode-locked Laser

39

without knowing the 𝑓𝑐𝑒𝑜 information. However, since we do not know the 𝑓𝑐𝑒𝑜 , the
absolute mode number cannot be determined. Hence, there exists a situation that the CW
laser frequency 𝜈𝐶𝑊 locates at the center of two consecutive comb teeth, which can cause
the maximum error of 𝑓𝑟 /2 when calculating the absolute optical frequency.
To test the spectroscopic functionality of the source, HCN gas was used in the DCS
measurement. The HCN gas cell is a 16.5 cm path length cell with a pressure of 100 Torr
(Wavelength Reference, Inc). The experiment setup is illustrated in Fig. 2.10. The laser
output from each arm was split with a 90/10 coupler. The 10% ports were sent to the
photodiodes to measure the repetition rate 𝑓𝑟1 and 𝑓𝑟2 . The 90% ports were combined
with a 50/50 coupler, and the combined port was connected to the HCN gas cell. After
passing the gas cell, another 50/50 coupler was employed to split the transmitted light to
two parts. One part went to the third photodiode, and then the signal passing through a 15
MHz lowpass filter was connected to the oscilloscope for the interferogram detection. The
other part was combined with the single frequency CW laser through another coupler. The

EDF

PD1
LPF

90/10

15 MHz

50/50

980/1550
WDM

PD3

50/50

HCN

50/50
LPF

980nm

90/10

SA

PC

PD4

95/5
OBPF

CO-arm

PD2

30 MHz

CW
1549 nm

Fig. 2.10 Schematic diagram of the HCN absorption experiment setup. This DCS uses
two laser outputs (CO-arm and CT-arm) from the bidirectional mode-locked fiber
laser. EDF: Erbium doped fiber. WDM: wavelength division multiplexer. SA: saturable
absorber. PC: inline polarization controller. PD: photodiode. HCN: 16.5 cm, 100 Torr
HCN gas cell. OBPF: 1 nm optical bandpass filter. LBF: lowpass filter.

Oscilloscope

CT-arm
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combined light was filtered with a 1-nm-bandwidth C-band tunable filter (Newport), and
then sent to the fourth photodiode for the heterodyne measurement. The heterodyne signal
𝑓𝑏1 and 𝑓𝑏2 were measured simultaneously by the oscilloscope with a 30 MHz lowpass
filter. The measured repetition rates, interferogram, and the heterodyne signals with the
CW laser were collected with a computer, and a custom LabVIEW program was used to
control and save the data. With the collected data we are able to reconstruct the absolute
optical frequency via the introduced method described above.
Figure 2.11 shows the measured interferogram. The single-shot and the average of
200 interferograms recorded by the oscilloscope are shown in penal (a). The acquisition
time was 1.28 ms with a 78 MHz sampling rate. The ratio of the interferogram peak to the
standard deviation of background noise was defined as the signal-to-noise ratio (SNR),

Fig. 2.11 Time-domain interferogram and frequency-domain spectrum. (a) singleshot and averaged of 200 interferograms. The zoom-in of the center fringe is shown
at the right-upper corner. (b) The FFT of the time-domain interferogram results in a
frequency spectrum. The absorption line is clear observed. The zoom-in of the
absorption line is shown in the middle.
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which is calculated to be ~554 in this measurement. By applying the real time Fast Fourier
Transform (FFT) in the oscilloscope with a Hanning window function, the frequency
spectrum of the interferogram is revealed in RF region with a frequency resolution of 1.13
kHz (considering the application of Hanning window function), as Fig. 2.11(b) shown. The
single-shot spectrum shows the HCN absorption linewidth of ~5 kHz, which is
corresponding to ~4.4 GHz in optical frequency. In contrast, the spectrum of averaged
interferogram shows the slight broadening in absorption linewidth. This absorption
linewidth broadening was due to the slow comb drift and the fast frequency fluctuation (see
Fig. 2.8) during the total acquisition time of ~250 ms.
Considering the fact of that the DCS is based on a free-running bidirectional modelocked laser, we combined two laser arms right after their outputs. In this case, the RF
spectrum without the HCN absorption line was carried out by applying the smooth function
in MATLAB. Then the smoothed spectrum was used to normalize the spectrum in Fig.
2.11(b) for a flat baseline. Figure 2.12 shows the 15 normalized absorption lines and their
comparison with the data from the National Institute of Standard and Technology (NIST)
reference HCN gas cell (SRM2519). A standard deviation of the frequency error is ~207
MHz in absolute optical frequency around 193 THz. The absorption magnitude shows a
2.9% deviation from the NIST reference. The frequency deviation could be attributed to
the drifting comb and the CW laser, which causes the error in optical frequency calibration.
Moreover, the slight change in the repetition rate difference, Δ𝑓𝑟 , may cause the error when
retrieving the optical frequency, since the magnification factor is 𝑓𝑟 /Δ𝑓𝑟 . The absorption
magnitude difference can be caused by the temperature change (gas cell pressure change).
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The results can be improved by using a wavemeter to measure the CW laser frequency
more precisely, locking CW laser to a narrow molecular absorption line to avoid the drift,
and control the environment of the gas cell. To improve the accuracy of detection of Δ𝑓𝑟
during the measurement, one can reference the frequency counter and the oscilloscope to a
precise oscillator, like a rubidium oscillator.

Fig. 2.12 Extracted absorption lines by normalizing the measured RF spectrum to the
smooth processed spectrum. These absorption lines are from a 16.5 cm gas cell filled
with 100 Torr HCN. The data is compared with NIST SRM2519 data for a 100 Torr,
22.5 cm HCN gas cell (red dots). The standard deviation of frequency (upper panel)
and the magnitude (middle panel) are ~207 MHz and 2.9%, respectively.
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The results shown in Fig. 2.12 proves this free-running DCS concept working and
the detection of HCN gas absorption is demonstrated. The noise equivalent absorption
(NEA) can be calculated with the 15 absorption lines by
1

𝑁𝐸𝐴 = 𝐿×𝑆𝑁𝑅 √𝑇 ,

(2.8)

Where 𝐿 is the gas cell length, 𝑆𝑁𝑅 is the frequency-domain signal-to-noise ratio, and
𝑇 is the acquisition time. The acquisition time and the frequency-domain 𝑆𝑁𝑅 in our
measurements were 1.28 ms and ~50, respectively. The corresponding 𝑁𝐸𝐴 of the
recorded data was calculated to be 4.3 × 10−5 cm-1Hz-1/2.

2.4 Conclusion
A free-running bidirectional mode-locked fiber laser as the light sources of a DCS
setup has been successfully demonstrated. The bidirectional mode-locking operation can
be realized by tuning the polarization controller within a single ring cavity. Two outputs
from the different propagation directions in oscillator not only have similar output spectra
but also with highly mutual coherence. Due to the sharing of the cavity, the two outputs
have common noise that is cancellable when performing heterodyning detection. Without
any electronic servo loops to control the laser parameter, HCN absorption measured by this
free-running DCS shows the good agreement with the HITRAN standard database. This
single cavity, bidirectional mode-locked fiber laser provides the compact and affordable
light sources for the development of DCS.

44

Chapter 3. Wavelength-extended Light Source from FRBML for DCS

Chapter 3
Wavelength-extended Light Source from
Free-running Bidirectional Mode-locked
Laser for Dual-comb Spectroscopy
Free-running DCS with an Er-based FRBML has been demonstrated to measure HCN
absorption lines around 1550 nm region. In order to exploit the sensing ability of this
FRBML based DCS for other gases, broader spectrum or new wavelength generation is
necessary to cover the sensing regions other than 1550 nm. A brief review of literatures
regarding the DCS for wavelength regions other than 1550 nm will be given in Section 3.1.
In this chapter, two nonlinear optical methods are used for the new wavelength generation
from the FRBML. Section 3.2 discusses the research of all-fiber optical parametric
oscillator (FOPO) with the synchronous pump scheme as a tunable wavelength around
1640 nm. DCS performance with methane gas cell will be included in the subsections.
Another approach to generate mutual coherent supercontinuum (SC) from each arm of the
FRBML as an ultrabroadband light source for DCS and water absorption measurement
results are included in Section 3.3. The comparison of these two schemes and the
conclusion is given in Section 3.4.
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3.1 DCS Demonstrations in Wavelength Regions Other than
1550 nm
Due to the compact and robust frequency comb based on Er-doped mode-locked fiber
lasers, the majority of DCS research was demonstrated in the wavelength region around
1550 nm. To increase the detection spectral range, exploring the methods for wavelength
extension or wavelength generation for new light sources is necessary. To date, various
wavelength regions with DCS have been demonstrated with nonlinear optical methods.
In visible region, Potvin et al. demonstrated a DCS system works around 775 nm by
frequency doubling from an Er fiber laser. Rubidium absorption line can be measured and
used as the calibration tool for the accuracy [48]. 520 nm rovibronic spectrum of iodine
was also measured with DCS based on a frequency doubled Yb fiber laser system [49].
To the near-IR region, except the telecommunication band, only a few works have
shown the ultrabroadband (over 300 nm) detection ability of DCS [50, 51]. In these nearIR wavelength extension works, highly nonlinear fibers (HNLFs) are used to generate
supercontinuum from 1550 nm fs-pulses. In Ref. [52], Okubo et al. demonstrated a DCS
that covered from the C2H2 3ν3 band at 1.03 μm, water ν1 + ν3 band at 1.38 μm, C2H2 ν1 +
ν3 band at 1.52 μm, CH4 2ν3 band at 1.67 μm, and water 2ν2 + ν3 band at 1.87 μm.
For the mid-IR region (from 3 to 5 μm), different frequency generation (DFG) is
employed to generate the light source around 3.4 μm. Methane spectroscopy has been
realized with these mid-IR DCS [53, 54]. In these cases, wavelength is first extended from
1.55 μm to 1 μm through the supercontinuum generation with a HNLF. The 1 μm part is
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then reamplified and combined with 1.55 μm for the DFG. Due to the nature of DFG
mechanism, these mid-IR combs are 𝑓𝑐𝑒𝑜 -free since 1 μm and 1.55 μm have the same 𝑓𝑐𝑒𝑜
and which is canceled during the DFG process.
Another common approach to obtain mid-IR light source is optical parametric
oscillator (OPO). Two mutual coherent mode-locked laser with different repetition rates
can share single OPO for two mid-IR combs generation. This single OPO design has been
widely adopted in DCS research [54-58]. To minimize the nonlinear effect from the copropagating pulses, Jin et al. demonstrated bidirectional OPO operating with
counterpropagating pulses to perform DCS around 3.3 μm for methane and acetylene
spectroscopy [57, 58].
However, the above mentioned pioneering research in the wavelength regions other
than 1550 nm are all involving the frequency combs under sophisticated servo-control.
Developments of simpler and compact laser system are necessary for future DCS research
and application. Here in, we demonstrate SC light source from 1550 nm and tunable light
source around 1650 nm from OPO in all-fiber format. Preliminary DCS performances from
these two light sources are presented in the following sections.
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3.2 All-fiber OPO Based Free-running DCS Around 1650 nm
The FRBML based DCS working at 1550 nm has been successfully used to
demonstrate HCN absorption spectroscopy, which provides the potential of free-running
DCS at other wavelengths generated from this FRBML. In this section, we introduce an
all-fiber single OPO based on the bidirectional mode-locked laser. The FOPO output
wavelength is tunable from 1610 to 1650 nm. This wavelength range covers the 2ν3
absorption band of methane which were measured with this bidirectional FOPO as a DCS.

All-fiber bidirectional OPO design
The laser system started with a bidirectional mode-locked Er-doped fiber laser. As
mentioned in the previous chapter, the repetition rate (𝑓𝑟 ) was ~72.2243 MHz with a 80 Hz
repetition rate (Δ𝑓𝑟 ) difference between two outputs. The repetition rate of the CT-arm and
CO-arm are defined with 𝑓𝑟1 and 𝑓𝑟2 , respectively. Figure 3.1 shows the schematics of
the system configuration. The outputs from each arm was split in a power ratio of 10:90.
The 90% output port of each arm was then individually amplified by a lab-built single stage
erbium doped fiber amplifier (EDFA). The 10% output ports were then combined via a
50/50 fiber coupler. The combined output was employed for the DCS setup around
wavelength of 1550 nm, and this was used as a reference of the laser performance. At each
amplifier stage, an inline polarization controllers and fast-axis-blocked polarizationmaintaining (PM) isolator were used in sequence to obtain the linear-polarized outputs after
the amplifier. The output from each amplifier was then sent to the OPO cavity as the pump
via a 2 by 2 C-L band PMWDM. Since we synchronously pumped the OPO with
femtosecond pulses, the OPO cavity length is designed to be 1:1 to the pump laser cavity.
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Fig. 3.1 The schematics of the all-fiber bidirectional OPO system layout. The first ring
cavity at left is the FRBML mentioned in chapter 2. At the center is a DCS setup for
1550 nm. The using of PM fiber starts from the blue lines. The second cavity is the
bidirectional FOPO. The second DCS setup is with the OPO output wavelength around
1650 nm. Note that the CO- and CT-arm from the EDFA pumped the CW and CCW
propagating direction in the FOPO, respectively. EDF: Erbium doped fiber. WDM:
wavelength division multiplexer. SA: saturable absorber. PC: inline polarization
controller. HCN: 16.5 cm, 100 Torr HCN gas cell. PD: photodiode. DSF: dispersion
shifted fiber. DL: delay line. VOC: variable output coupler CH 4: 5.5 cm, 100 Toor CH4
gas cell.

A 35-cm-long piece of polarization-maintaining dispersion-shifted fiber (PMDSF) was
spliced to each port of PMWDM as the parametric gain fiber for each propagation direction.
The fiber lengths from PMWDM to PMDSF are identical in both clockwise (CW) direction
and counterclockwise (CCW) direction, and so are the PMDSF. This is to maximize the
commonality of the noise generated from each propagation direction, so the noise can be
canceled during the multiheterodyne detection process. The rest of fiber inside the FOPO
cavity is PM1550 single mode fiber. A PM delay line included within the cavity was built
in lab by using two collimators with linear polarization angle aligned in free space. This
delay component worked at all wavelength of C/L band and ensured the synchronization
between the parametric signals and the pump. The last component of the cavity is a 2 by 2
PM variable output coupler. We can then change the pump power and output coupling ratio
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to obtain optimized FOPO outputs. Finally, a PM 50/50 fiber coupler was used to combine
the outputs from both propagation directions for the DCS measurement.

The tunable output from the OPO
In this bidirectional OPO design, we use PMDCF manufactured by Corning Inc. as
the parametric gain fiber. The zero-dispersion wavelength (ZDW) and the dispersion slope
at ZDW of this PMDSF are ~1546 nm and 0.07 ps/nm2/km, respectively. From the theory
of parametric phase-matching condition, the relation between generated new wavelengths
(signal and idler, for wavelength shorter and longer than pump wavelength, respectively)
and the pump wavelength was calculated and shown in Fig. 3.2.

Fig. 3.2 Calculated parametric phase-matching curve for the PMDSF. The generated
signal and idler wavelength can be predicted accordingly with a known pump
wavelength. Dashed line is the pump wavelength. Solid lines are the idler and signal
wavelengths (above and below the dashed line, respectively).
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This FOPO cavity was designed for the idler resonance since the PMWDM was for
C/L band. Based on the calculated phase-matching curve, the generated wavelengths can
be tuned with the different pump central wavelength. In our system, after the amplifier
stage, the pump spectrum can be broadened to 30 nm bandwidth at 3dB due to the selfphase modulation in the amplification process. By tuning the delay line, the FOPO was
synchronously pumped with varied central wavelength, tunable output wavelengths from
1605 nm to 1660 nm were obtained as shown in Fig. 3.3. Note that for maximizing the
commonality of noise in two propagation directions in FOPO, the setup before the pumps
were sent into OPO cavity were almost identical. The idlers from CW and CCW direction
can be generated simultaneously once the pump pulse is synchronized with the idler seed.
In this output tunability experiment we set the VOC with less than 5% output coupling ratio.
The splice loss for the PMDCF was about 30% (two splices) and the loss of the lab-built
PM delay line was around 20%. The pump power threshold for idler lasing was about 12
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Fig. 3.3 Tunable output spectra from the bidirectional OPO cavity. Left and right panel
shows the output spectra from the CW and CCW direction, respectively. The pump was
centered around 1550 nm with a 30 to 40 nm bandwidth. By tuning the delay-line
inside the cavity, the idler wavelength can be tuned from 1605 nm to 1660 nm
(dispersion tuning).
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was about 100 μW. The group velocity delay of the PMDSF and PM1550 single mode fiber
at 1550 nm are about -3.57 × 10-4 ps2/m and -2.29 × 10-2 ps2/m, respectively. Our pump
pulse repetition rate was ~72.2243 MHz with a difference of 80 Hz between two arms. This
was corresponding to ~2.865 m of optical path length in the cavity and a path length
difference of ~3.173 μm between two propagation directions. The acquired round trip
dispersion was then calculated to be ~0.05 ps2 and there is a 0.073 fs2 acquired dispersion
difference between two directions. Therefore, the phase-matched idler wavelength was
slightly different in each arm. The differences of central wavelength and spectral bandwidth
of idlers around 1650 nm were ~0.1 nm and ~0.3 nm, respectively.
The next step is to optimize the output idlers for the DCS setup. Considering the
bandwidth of the idler is about 8 nm, we tune the idler center wavelength to 1648 nm to
cover four strong absorption line of CH4 (this will be described in detail in the next
subsection). To obtain the highest output power from this OPO design, we lowered the
feedback coupling ratio at the VOC and increased the pump power. The maximum of the
output power was ~10 mW (total power with measured spectrum) when the pump was
increased to ~75 mW, and the feedback coupling ratio was tuned down to 30% around 1550
nm. The threshold for both directions is increased to ~50 mW (measured before OPO cavity)
with this cavity feedback ratio. Further increasement of the pump power did not change the
output power. Instead, the idler power started to drop, and the more 1550 nm power can be
seen from the measured spectrum. We think this was because of the pump pulse breaking
due to nonlinear effects when further increasing the pump power. The single mode fibers
linking the pump from the EDFA to the OPO cavity have anomalous dispersion for the
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Fig. 3.4 Optimized output spectrum from each arm for the DCS setup. (a) Output
spectrum of each propagation direction. (b) Zoom-in of the idler spectra. (c) The
measured spectrum of the combined beam at the L-band port of a WDM. (d) Zoom-in
of the combined idler spectrum.

wavelengths longer than ~1300 nm. During the pulse propagation from the output of EDFA
to the PMDSF, the pump pulse was compressing while propagating through the fiber. The
spectrum of the pump pulse was broader and broader when the output power of EDFA went
up. At the meanwhile, the needed fiber length to compress the pulse to its transform-limit
was shorter due to the spectral bandwidth increase. Once the pulse was compressed to ~60
fs (the limit of this fiber compression), the peak power of this 1 nJ pulse energy was ~16.7
kW. The further pulse propagation with this peak power would cause the pulse breaking
and the power would be redistributed to the pieces of broken pulse. This would lead the
pump efficiency drop and lower the output power of the OPO.
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Figure 3.4 shows the spectrum of idler from each direction and the combined
spectrum for DCS measurement. The total output power of each measured spectrum shown
in Fig. 3.4 (a) is ~10 mW. Note that the VOC was designed for a broad bandwidth for
telecommunication wavelengths. Using this VOC for the output (and feedback) of OPO
results that not only the idler but also the signal and residual pump are included in this
output. After the VOC a 50/50 fiber coupler was used to combine the outputs from both
arms. To remove the residual pump from the output, the combined beam was sent to a C/L
band WDM and the output from L-band port was shown in Fig. 3.4 (c) and (d). At this
point, the combined OPO output was ready to be the light source for DCS measurements.
The DCS setup and the measurement results will be elaborated in the next subsection.

DCS measurement results and discussions
A 5.5-cm-long gas cell filled with 100 Torr CH4 was prepared for the targeted gas
absorption band around 1650 nm. With the HITRAN database, we calculated the absorption
spectrum of CH4 around 1650 nm, which is shown in Fig. 3.5. The FOPO output was tuned
to cover the blue area for the strongest absorptions. The gas cell was directly connected to
the combined FOPO output with fiber connectors. After passing the gas cell the combined
beam was collimated and sent to a pair of prisms to separate the signal and idler. A set of
iris and lens was used to focus the idler portion onto a fast photodetector which could
support a 100 MHz bandwidth. The output voltage was recorded by an oscilloscope and a
low-pass filter cutting off at 32 MHz was used to avoid aliasing issues.

54

Chapter 3. Wavelength-extended Light Source from FRBML for DCS

Fig. 3.5 Calculated absorption spectrum of a 5.5 cm gas cell filled with 100 Torr CH 4.
The blue area indicates where the idler wavelength covers.

Figure 3.6 shows the recorded time-domain ITFG and the corresponding spectrum in
RF domain. The RF spectrum of the single shot result showed multiple absorption dips
with strong noise. However, after averaging of 225 RF spectra, the absorption dips were
washed out. This fact implied that the idler output was not stable, which cause the
frequency drifting during the data acquisition. A detailed description will be given in later
paragraphs. For the result of single shot data, the spectrum was retrieved to optical
frequency domain. Note that the retrieving method here was anchoring two reference
frequencies from HITRAN data base to the measured data. The magnification factor and
the frequency shift can be then calculated, and the spectrum in the optical domain can be
converted from the RF spectrum. The spectrum features other than anchored absorption
dips were compared with the results from HITRAN data base, as shown in Fig. 3.7. Note
that the averaged spectrum was not shown since the absorption features were washed out.
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(b)

Fig. 3.6 (a) Recorded single shot ITFG in time domain. (b) the RF spectrum obtained
by applying the FFT to the ITFG. The blue and red spectrum represented the single
shot result spectrum and the average of 225 spectra, respectively.

The original spectrum was processed with the smooth function in MATLAB software to
obtain a smooth spectrum without the noise and the absorption features. This smoothed
spectrum was used for the normalization, and the normalized spectrum was plotted on the
top in the lower panel of Fig. 3.7. Comparing the measured spectrum with the HITRAN
reference, the error of the locations of our measured absorption dips were depicted in the
upper panel of Fig. 3.7. For this single shot measurement, we can detect the absorption
with a wavelength location error less than 0.01%. Note that the calculated absorption
linewidth (red curve in Fig. 3.7) was about 4 GHz (~0.036 nm), which corresponded to a
linewidth of ~4.5 kHz in RF domain. The sampling rate was 125M/s and there was 0.25M
points recorded in 2 ms data acquisition time. Therefore, the FFT algorithm can provide
~0.5 kHz resolution in RF spectrum. However, the magnitude error of each absorption line
was much larger than the location error, and it could be up to even 50%. This indicated that
the relative linewidth between two frequency combs from different directions (the
linewidth obtained by beating two combs to each other) was larger, so the full depth was
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Fig. 3.7 Comparison between the measured result and the reference from HITRAN
data base. The absorption line center locations were measured with an error less than
0.01%. The magnitude error was significant and up to 50%.

not resolved in the RF spectrum. In the following paragraphs, we will diagnosis our idler
combs in three aspects: repetition rate, RIN, and the relative linewidth.
First, we examined the repetition rate stability and the consistency from the Er
oscillator to the FOPO output. Figure 3.8 shows the RF spectra measured from the
combined beams at the output of the first Er-oscillator, the output of the amplifier, and the
output idler of the FOPO. These spectra were not recorded simultaneously but one after the
other. The frequency span was 1 kHz with a resolution of 1 Hz. The spectra showed the
constant repetition rate from the first oscillator to the FOPO output. The FWHM width of
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Fig. 3.8 Recorded RF spectra for the examination of repetition rate stability. From
bottom to top are the spectrum of Er oscillator, OPO pump, and the output idler from
the OPO. The repetition rate and the difference are 72.22425 MHz and 81 Hz,
respectively.

the peaks were ~3 Hz and the difference of repetition rate was ~81 Hz. There were noise
peaks shown at 65 dB lower than the peak level with a low frequency of ~20 Hz, which
could be from the environment.
Secondly, the laser RIN was measured after each stage to examine the power stability.
The measurement setup was introduced in chapter 2 and the results are depicted in Fig. 3.9.
We integrated the spectrum to evaluate the total power fluctuation within this 10 MHz band.
From the first oscillator, the variation was 0.0158 % for CO-arm and 0.0119 % for CT-arm,
which correspond to the CW and CCW directions, respectively. After the amplifier, the
total RIN of the FOPO pump was 0.016 % for CO-arm and 0.0119 % for CT-arm. For the
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(a)

(b)

Fig. 3.9 RIN measurement of each stage of the laser system. The results from CW (CO)
arm and CCW (CT) arm are plotted in panel (a) and (b), respectively. The dashed line
represents the Shot noise level of this measurement.

final output from the FOPO, the total RIN was 0.0233 % and 0.0163 % for CW and CCW
arms, respectively. These numbers corresponded to an increasement of 45.6 % for CW arm
and 37 % for CCW arm in total power fluctuation from pumps to FOPO outputs. This result
implied that the quality of idler frequency combs may degrade due to the relative power
instability.
Finally, we measured the linewidths of frequency combs from each arm and their drift
at different stages. For the first oscillator we have demonstrated the DCS with HCN and
the results are documented in chapter 2. Here we started to examine the outputs after the
amplifier. The linewidth was obtained by measuring the FWHM of frequency beat notes
by mixing the amplifier outputs and a single frequency laser. Figure 3.10 (α) shows the
linewidth and its variation within 1 minute. The DCS for HCN was performed with the
amplified 1550 nm light source, and the result was shown in Fig. 3.10 (b). The linewidth
of the frequency comb from each arm varied within a range of ~15 kHz and the average
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Avg. of 225
~4 kHz

(c)

(d)

Avg. of 225
~50 kHz

Fig. 3.10 The linewidth of each arm and the relative linewidth at different stage. The
linewidth measurement results of the output from amplifier and the OPO were shown
in panel (a) and (c), respectively. DCS measurements were done at these two stages and
the results were plotted in panel (b) and (d).

linewidth was ~55 kHz. Using digital mixing method, the relative linewidth between the
combs from each arm was revealed. The average relative linewidth at the output of the
amplifier in 1 minute is ~2.3 kHz. This relative linewidth set the resolution limit of one
DCS systems since the operation of DCS is based on multiheterodyne detection. With this
linewidth we were able to resolve the HCN absorption line with a absorption linewidth of
~4kHz, which agreed with the NIST standard shown in the previous chapter.
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We repeat the same measurement with the idler outputs from the FOPO. The
linewidth of idler from each arm, and their relative linewidth were plotted in Fig. 3.10 (c).
It was clearly that the variation of the linewidth was much larger than the output from the
amplifier. The consecutive data points (3 seconds per point) in Fig. 3.10 (c) showed the
linewidth can suddenly be broad as 600 kHz and narrow back to 50 kHz. Even the linewidth
of individual arm varied in the same tendency, the relative linewidth was still ~24.5 kHz in
average and the maximum of the relative linewidth was ~80 kHz. The average relative
linewidth explained the absorption dip can only remain ~50 kHz in width after taking the
average of 225 spectra.
While we measured the linewidth variation, the beat note frequency drift was also
recorded, as Fig. 3.11 showed. For the amplifier output, the drift was smooth and the
frequency difference between these two beat notes, 𝛥𝑓𝑏 , was fluctuated within a standard
deviation of 3 kHz. However, the same measurement of the idlers showed that the beat note

(a)

(b)

σ = 3 kHz

σ = 15 kHz

Fig. 3.11 The recorded beat note frequency drift at different stages. (a) the beat note
frequency of the amplifier output. (b) the beat note frequency of the idler output from
the OPO.
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Fig. 3.12 The recorded beat note frequency drift at different stages. (a) the beat note
frequency of the amplifier output. (b) the beat note frequency of the idler output from
the OPO.

frequency of each arm drifted together with a larger 𝛥𝑓𝑏 deviation of 15 kHz. Note that
the quantity 𝛥𝑓𝑏 is not just a value of frequency. We can derive 𝛥𝑓𝑏 mathematically to
understand what 𝛥𝑓𝑏 can represent. Figure 3.12 shows a simple schematics of the
relations between the comb lines around the single frequency from CW laser. Assume there
is a pair of comb lines, 𝜈1 and 𝜈2 , near the single frequency CW laser. They are the mth
and nth comb line from each arm, and they are the closest line to each other. We have
𝜈1 = 𝑓1𝑐𝑒𝑜 + 𝑚𝑓𝑟1 .

(3.1)

Assume 𝑓𝑟2 = 𝑓𝑟1 + 𝛥𝑓𝑟 , then we can write
𝜈2 = 𝑓2𝑐𝑒𝑜 + 𝑛𝑓𝑟2 = 𝑓2𝑐𝑒𝑜 + (𝑚 − 𝑘)(𝑓𝑟1 + 𝛥𝑓𝑟 ).

(3.2)

Since 𝜈1 and 𝜈2 are the closest set of line pair, the frequency corresponding to the carrier𝑐𝑒𝑜
envelope-offset in RF domain, 𝑓𝑅𝐹
, can be written as
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𝑅𝐹
𝑓𝑐𝑒𝑜
= 𝜈2 − 𝜈1 = 𝛥𝑓𝑐𝑒𝑜 − 𝑘𝑓𝑟2 + 𝑚𝛥𝑓𝑟 .

(3.3)

We can find another comb line pair, 𝜈 and 𝜈 . They are the closest comb lines to the CW
frequency from each arm. Therefore, the beat notes between 𝜈

,

and CW laser are the

frequencies 𝑓𝑏1 and 𝑓𝑏2 that we measured on the RF spectrum analyzer. These are the
recorded frequencies shown in the bottom panels of Fig. 3.11. The frequency 𝛥𝑓𝑏 is the
frequency difference between 𝑓𝑏1 and 𝑓𝑏2 , and the frequency difference between 𝜈 and
𝜈𝑟 . Assume 𝜈 and 𝜈 are the pth line after 𝜈1 and 𝜈2 , respectively, we have 𝜈 = 𝜈1 +
𝑝𝑓𝑟1 and 𝜈 = 𝜈2 + 𝑝𝑓𝑟2 . Then we can write 𝛥𝑓𝑏 as
𝛥𝑓𝑏 = 𝜈 − 𝜈
= 𝜈2 − 𝜈1 + 𝑝(𝑓𝑟2 − 𝑓𝑟1 )
𝑅𝐹
= 𝑓𝑐𝑒𝑜
+ 𝑝𝛥𝑓𝑟 .

(3.4)

Equation (3.4) reveals that 𝛥𝑓𝑏 corresponds to a location of comb line in RF domain.
Therefore, 𝛥𝑓𝑏 drifts during the DCS data acquisition which leads to the recorded ITFG
or RF spectrum changes from one to another. The spectrum features would eventually be
washed out after averaging these acquired spectra, like what we saw in the presented results
above.
Considering the results of analyzing the quality of our free-running frequency comb
at different system stages, we can conclude that the laser dynamics inside the OPO cavity
is the reason causing the OPO output instability. The current OPO runs in soliton mode
which may be the cause of the noise we observed. Optimizing the operation of the OPO,
e.g. operating in normal dispersion regime, may solve the noise issue.
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3.3 Ultrabroadband Free-running DCS for 1 μm to 2um
In this section, we will introduce the other wavelength extension experiment that we
proposed and realized: Generating a mutual coherent SC light sources from our FRBML
for ultrabroadband DCS. Typically, a SC can be generated by sending high peak power
pulses into special optical media (e.g. a piece of optical fiber) to trigger a series of nonlinear
optical effects. Here, we use a HNLF as the SC generation medium to preserve the all-fiber
light source format [59, 60]. As a result, the water absorption band around 1.38 μm and
1.85 μm were successfully detected by this free running ultrabroadband band DCS.

System design of mutual coherent SC light sources
The laser system was based on the FRBML, like the aforementioned bidirectional
FOPO system. Details about the FRBML was given in Chapter 2. Figure 3.13 shows the
system schematics of our ultrabroadband DCS. The oscillator was the same as what has
been reported in section 3.2.1, and its output was split in a power ratio of 10:90. The 10%
output from each arm was then combined through a 50/50 output coupler, and this
combined beam was used in a DCS setup for spectroscopy of HCN as a reference of the
oscillator performance. The other arm carrying 90% of power after the splitter was sent
into two separate EDFAs to increase the pulse energy and spectral bandwidth. In order to
have a smooth broadened spectrum at the output of the EDFA, a 5 m piece of Er-doped
gain fiber with small core size (~ 4 μm) was used. This core size makes the waveguide
dispersion curve shift, so pulses with a wavelength around 1550 nm propagate in the
normal dispersion region within this gain fiber. Therefore, a power amplified pulse with a

64

Chapter 3. Wavelength-extended Light Source from FRBML for DCS

Counter-pump (CCW)
10/90

EDF

To OSA

EDFA

HCN
Gas cell
OSA

InGaAs
Detector

5 cm
HNLF

Dichroic
Mirror

BS PL
5 cm
HNLF

900-1500 nm
Detector

1500-2200 nm
Detector

980nm

SA

PC 10/90
Co-pump (CW)

EDFA

Fig. 3.13 The schematics of the all-fiber SC light sources for ultrabroadband DCS
system. The first ring cavity at left is the FRBML mentioned in Chapter 2. At the center
is a DCS setup for 1550 nm. The solid lines and dashed lines are the optical path in
fiber and free-space, respectively. EDF: Erbium doped fiber. WDM: wavelength division
multiplexer. SA: saturable absorber. PC: inline polarization controller. HCN: 16.5 cm,
100 Torr HCN gas cell. BS: polarization insensitive beam splitter. PL: polarizer.

positive chirp was formed at the output of amplifier. Due to the parabolic pulse evolution
in the amplifier, the positive chirp is mostly linear and can be simply compressed by a
section of fiber with anomalous dispersion around 1550 nm (SMF-28 was used here). At
the output of the amplifier, the averaged output power and FWHM spectral bandwidth for
each arm are about 100 mW and 45 nm, respectively. About 180 cm of SMF-28 fiber pieces
were then spliced to each amplifier’s output for pulse compression. The pulse width was
compressed down to 60 fs at the end of the SMF-28 fiber and then directly spliced to a 5cm-long non-PM HNLF. The dispersion of this HNLF around 1550 nm is about -5
ps/nm/km, and which has been used for SC generation in previous research works [61].
After the HNLF, the outputs were collimated and sent to a 50/50 polarization insensitive
beam splitter to combine the beam in free-space. A polarizer, focusing lens, and dichroic
mirror was then used in a sequence to send the beam to photodetectors. The dichroic mirror
reflects wavelengths longer than 1500 nm. Therefore, the whole SC spectrum can be split
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and detected by different detectors in short (900 nm to 1500 nm) and long (1500 nm to
2200 nm) wavelength region.
To fully exploit the SC spectrum for DCS by using two photodetectors at the same
time for real-time detection, we need to manage the difference of the repetition rate between
two arms. Figure 3.14 shows the comb modes heterodyne process and the result in RF
domain. As combining two beams with slightly different repetition rate, one may detect the
beating signal of 𝑘𝛥𝑓𝑟 , where 𝑘 is an integer, as Fig. 3.14(b) shown. At the point of that
one frequency tooth (red comb) separates the frequency spacing of the other comb (blue
comb) in equal amount, aliasing starts to happen. Hence, the Nyquist frequency, 𝑓𝑛 , is set

Optical domain

(a)

ν
Comb beating process

Optical domain

(b)

Δfr

2Δfr

Folding Point
3Δfr
kΔfr kΔfr
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Miniaturized optical domain
RF domain

(c)

fnq = fr1/2
𝑅𝐹
𝑓 𝑅𝐹 = 𝑓𝑐𝑒𝑜
+ 𝑝Δ𝑓𝑟

f (MHz)
Fig. 3.14. Schematic drawing of the heterodyne process between comb modes and the
result of miniaturized optical frequency spectrum in RF domain. (a) Two optical
frequency spectra overlap after beam combination. (b) The frequency beating in
optical domain. Multi-heterodyne signals (𝛥𝑓𝑟 to 𝑘𝛥𝑓𝑟 ) can be detected by using a
photodetector. (c) RF spectrum can be seen as a miniaturized optical frequency
spectrum through a factor of 𝑚 = Δ𝑓𝑟 /𝑓𝑟1, where 𝑓𝑟1 is the repetition rate of the red
comb.
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1

𝑓 ,
2 𝑟1

which corresponds to ~36 MHz in our system. Through the multi-heterodyne

𝑅𝐹
𝑅𝐹
detection, the spectrum in RF domain can be expressed by 𝑓 𝑅𝐹 = 𝑓𝑐𝑒𝑜
+ 𝑝𝛥𝑓𝑟 , where 𝑓𝑐𝑒𝑜

is the carrier-envelope-offset frequency in RF domain, and 𝑝 is an integer from 1 to 𝑘.
The comb spacing in optical and RF domain are 𝑓𝑟1 and Δ𝑓𝑟 , respectively. Accordingly,
there exists a factor of 𝑚 = Δ𝑓𝑟 /𝑓𝑟1 , which links the RF and optical domain spectrum. The
RF domain spectrum, therefore, can be seen as a miniatured optical domain spectrum by a
factor of 𝑚. To avoid the aliasing, the span of miniaturized optical spectrum (RF spectrum)
is limited by 𝑓𝑛 = 𝑚 × 𝜈𝑠

𝑎𝑛 .

In our system, we obtain the optical frequency bandwidth

of ~142 THz covering from 1000 nm to 1900 nm after the SC generation. We can find the
maximum Δ𝑓𝑟 satisfying the Nyquist frequency limitation is Δ𝑓𝑟𝑚𝑎𝑥 = 𝑓𝑛 𝑓𝑟1 /𝜈𝑠

𝑎𝑛

=

~18 Hz. Here, we used two photodetectors and split the SC spectrum at 1500 nm as
mentioned above, and our Δ𝑓𝑟𝑚𝑎𝑥 can then be doubled. Higher Δ𝑓𝑟 provides the system
faster acquisition time, and easier for our FRBML operating stably.

Ultrabroadband light sources and DCS measurement results
The SC output spectrum from each arm and the combined spectrum are measured by
an OSA and plotted in Fig. 3.15. The SC output power of each arm is about 85 mW
measured after the collimator. By tuning the output power from the amplifier and adjusting
the inline polarization controller, the SC spectrum of each arm can be almost identical to
maximize the wavelength overlapping. The total span of our SC within 20 dB is about one
octave from 1 μm to 2 μm. From the spectrum measured by OSA we can see the water
absorption feature around wavelengths of 1380 nm and 1850 nm. This water absorption
detection was the first target to test the performance of the ultrabroadband DCS.
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Fig. 3.15. Measured SC spectrum from each arm and after beam combination. The
orange, red, and blue spectrum are the output from the CO-arm, CT-arm, and combined
beam, respectively. For the clarity, the spectra were shift 15 dB from each other.

To have one-to-one mapping from optical domain to RF domain with one
photodetector, we have to tune Δ𝑓𝑟 to be less than 20 Hz, as mentioned in the last
subsection. This would make the FRBML become unstable and eventually losing the modelocking. Here we split the spectrum at ~1500 nm by a dichroic mirror. Two photodetectors
were then used for detecting wavelength shorter and longer than 1500 nm, respectively.
Since the wavelength span was reduced, the one-to-one mapping can be realized with the
split spectrum detected by each photodetector, as tuning Δ𝑓𝑟 to be ~35 Hz.
The free-space optical path from the beam splitter to the detector was about 1.5 m.
Water vapor absorptions under this control-free environment were detected with this
ultrabroadband DCS. The averaged ITFG time traces are shown in Fig. 3.16. The left and
right panels show the ITFG in the blue region (wavelength shorter than 1500 nm) and red

68

Chapter 3. Wavelength-extended Light Source from FRBML for DCS

(a)

(b)

(c)

(d)

Fig. 3.16. The recorded ITFGs of two wavelength zones. (a) ITFG recorded in the
wavelength range of 1000 nm to 1500 nm. (b) ITFG recorded in the wavelength range
of 1500 nm to 2200 nm. (c) and (d) represent the expanded views of (a) and (b),
respectively. Free induction decay signals can be seen in both wavelength zones.

region (wavelength longer than 1500 nm), respectively. Free induction decay (FID) signals
of water vapor are observed in both wavelength zones. The clear interferograms and FID
signals provide the evidence of that the SC from both arms inherit the mutual coherent
property from the asynchronous seeds generated in a single cavity.
After FFT calculation, the ITFG from each detector was transformed to be the RF
spectrum. The water absorption features were clear on both RF spectra. To examine the
accuracy of the locations of absorption lines, the spectra from two wavelength zones were
converted back to optical frequency domain by anchoring two absorption lines with the
results measured by OSA. After the conversion, the spectra from two zones were stitched
at 1460 nm, which corresponded to the zero-frequency in RF domain, as Fig. 3.17 shows.
The recovered whole SC spectrum reveals a good match to the recorded original SC
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Fig. 3.17. (a) The comparison of recovered (colored line) and original SC spectrum
(black line). Wavelength below and above 1460 nm are plotted in blue and red,
respectively. (b) and (c) Expanded views of the water absorption bands around 1400
nm and 1840 nm, respectively.

spectrum from the combined beam on OSA. Notice that the lower visibility of recovered
spectrum around 1 μm is due to the low responsivity of the photodetector around this
wavelength. The water absorption spectral features detected by the DCS were aligned well
with the results measured by the OSA. However, all the absorption features measured by
the DCS were blurred. The blur was more significant around 1800 nm than around 1400.
Since the amplification stage was exactly the same as what had been mentioned in the
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section of bidirectional FOPO, the comb linewidth characterization after the amplifier had
been shown in the last subsection. After the SC was generated, the comb linewidths at
different wavelength of SC spectrum were measured by heterodyning the combs with a
single frequency CW lasers.
During the development of the fiber laser frequency comb, researchers in NIST had
shown the effects on comb linewidth and 𝑓𝑐𝑒𝑜 sourced from the pump fluctuation of the
oscillator. The noise from the pump amplitude would perturb the gain dynamics inside the
cavity which leads to the drift in 𝑓𝑐𝑒𝑜 and 𝑓𝑟 of the output comb [62, 63]. This chain
reaction eventually drives a breathing-mode motion of the comb from a fix frequency

1064 nm Linewidth (kHz)

(close but not necessarily be the center frequency of the laser output) [64]. The further the
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Fig. 3.18. Measured SC linewidth at 1064 nm versus the oscillator pump current. The
blue and orange lines represent the results from the CO-arm and CT-arm, respectively.
Although the CO-arm showed broader linewidth than the CT-arm in general, the
narrowest linewidth was found at pump current of 220 mA for both arms.
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comb tooth locate away from the fixed frequency, the more movement of the comb tooth
is caused by this effect. One simple approach to minimize the comb drift is to operate the
pump source with its minimized RIN [65]. Therefore, to ensure that the comb linewidth
around 1 μm was optimized, we directly measure the 1 μm linewidth versus the pump
current of the oscillator and the result is given in Fig. 3.18. We found that the narrowest
averaged linewidth for both arms happened when the pump current was tuned to 220 mA
(corresponding to ~74 mW sent into the cavity).
With the optimized oscillator pump, we examine the linewidth and the drift of comb
tooth at different frequencies by heterodyning the comb and the CW lasers. The comb from
each arm is heterodyned with the single frequency CW lasers individually. Since the results
with 1548 nm single frequency laser was presented in Chapter 2, only the measurements
with the single frequency laser at 1064 nm and 1319 nm are given in Fig. 3.19. Panels (a)
to (d) are the results with a CW laser at 1319 nm. The heterodyne note linewidths are ~30
kHz and ~20 kHz for CO-arm and CT-arm, respectively. With the same SC spectrum, the
heterodyne results with CW laser at 1064 nm showed significantly increased linewidths of
~350 kHz and ~300 kHz for CO-arm and CT-arm, respectively. From the model described
in Ref. 18 and 19, the linewidth is linear increased with the frequency away from the fixed
point. This is because the frequency fluctuation is linearly amplified with the mode number
difference from the fixed frequency (mode). However, in our measurement, the linewidths
at 1548 nm, 1319 nm, and 1064 nm are not in linear growth. The linear tendency indicated
that linewidth at 1064 nm should be around 100 kHz. The significant broader linewidth
measured in our experiment can be attributed to multiple factors like the power fluctuation

72

Chapter 3. Wavelength-extended Light Source from FRBML for DCS

(a)

(b)

CO-Arm
1319 nm
~30kHz

(c)

(d)
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1319 nm
~20kHz
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(f)

~350kHz

(g)

CT-Arm
1064 nm

(h)

~300kHz

Fig. 3.19. (a) The comparison of recovered (colored line) and original SC spectrum
(black line). Wavelength below and above 1460 nm are plotted in blue and red,
respectively. (b) and (c) Expanded views of the water absorption bands around 1400
nm and 1840 nm, respectively.
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around 1064 nm of the SC, the environment fluctuation, and the drift of the CW laser. Note
that 1064 nm is at the edge of the SC generation, which is sensitive to the input pulse
condition at the HNLF. To further investigate this SC sources generated from mutual
coherent outputs of FRBML, the system can be improved by using polarization maintaining
fibers and having better environment control (such as acoustic noise isolation and
temperature control).

3.4 Conclusion
The wavelength extended light sources from FRBML for DCS were investigated
using two approaches: bidirectional FOPO and SC generation. The light source near 1650
nm generated from the bidirectional FOPO showed a preliminary results of DCS with the
CH4 absorption measurements. The single shot detected absorption wavelength showed
<0.01% error comparing to the HITRAN database. However, the absorption features were
washed out after averaging multiple spectra. The relative linewidth measurements revealed
that the resolution of this FOPO DCS was limited to ~25 kHz in RF domain. Because of
the synchronous pumping scheme with femtosecond pump pulses, the FOPO outputs are
sensitive to any fluctuation. Further investigation in normal dispersion FOPO design for
this wavelength extension is believed to provide more stable and powerful outputs for DCS
application.
The SC source using the outputs of the FRBML for ultrabroadband DCS has been
shown to detect two water absorption bands around 1400 nm and 1850 nm. The averaged
spectrum showed the clear broadened absorption features. This is attributed to the
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breathing-mode motion and the linewidth measurement have shown the evidence to
support this model.
Comparing two wavelength extended methods, one interesting fact to notice is that
in their noise performances (from RIN and linewidth measurements), the noise of CO-arm
was always larger than that of CT-arm. This indicated a fact that the noise from each
FRBML output dominant the noise performance no matter what nonlinear optical approach
was adopted in the system. In the operation of the FRBML, mode-locking in CT-arm
always happened first. However, it was not just because of the threshold of the modelocking operation. One had to tune the polarization controller to initialize the mode-locking
in CO-arm while CT-arm was mode-locked. To date, there is still no clear theory to explain
the operation of bidirectional mode-locked laser with the carbon nanotube saturable
absorber. It is believed that future investigations in this topic will be needed to fully explore
the potential of the DCS with free-running mode-locked lasers.
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Chapter 4
Self-triggered Asynchronous Optical
Sampling Terahertz Spectroscopy Using a
Free-running Bidirectional Mode-locked
Fiber Laser
In this chapter, a self-triggered asynchronous optical sampling terahertz spectroscopy
system built with a free-running bidirectional mode-locked fiber laser will be presented.
The fiber laser generates two mutually coherent optical pulse trains with a stable repetition
rate difference. These pulses were amplified and compressed to 70 fs for generating and
probing terahertz pulses with a plasmonic-enhanced photoconductive nanoantenna. The
stable repetition rate difference between the two laser outputs enables time-domain
terahertz spectroscopy without using any mechanical delay line, stabilization electronics,
or external trigger. The resolved terahertz spectra over a 0.1–2 THz frequency range and a
30-second measurement time show more than a 70-dB dynamic range, revealing water
absorption lines matching the HITRAN database, all in a compact spectroscopy setup.
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4.1 Introduction to Terahertz Time-domain Spectroscopy
Terahertz (THz) waves possess the wavelength range between the radio waves and
the far-infrared waves. These unique waves not only can penetrate a wide variety of matters,
just like radio waves, but also can be easily guided like light waves with THz optics. This
dual property makes THz waves good light sources for spectroscopy applications. In the
so-called vibrational fingerprint region, mid- and far-infrared light can excite the
vibrational quantum transitions of many gases for detection and identification. With the
THz waves, one can enter the rotational fingerprint region, and the rotational absorption
spectra are relatively simple and clearer than the complex vibration or rovibrational spectra.
In addition, for larger and more complex molecules like sugars, pharmaceuticals, and
agricultural chemicals, the longer wavelengths than the far-infrared are needed for the
spectroscopic purposes.
Time domain spectroscopy is a technique based on recording the results of wave
interference in a time trace. Assume two waves (or pulses) are overlapping with zero phase
difference, the constructive interference gives the highest signal strength from the result of
adding these two waves. Starting from this point, by constantly shifting the phase with time,
one should find the minimum of the signal after a π phase-shift (or after two pulses walkoff each other). A photodetector and oscilloscope can be used to record this signal change
versus phase change (time). The information behind this recorded time trace can be
retrieved via Fourier methods. This setup is also similar to the well-known Michelson
Interferometer and Fourier transform infrared spectroscopy. When one uses THz waves as
the light sources, this is the so-called THz time domain spectroscopy (THz-TDS). In recent
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decades, THz-TDS has been widely studied and applied across the areas from physical to
biomedical sciences, including gas sensing, remote sensing, chemical detection, tissue
characterization, and cancer cell imaging [65-75]. However, the components needed to
compose a THz-TDS are still limiting the general deployment of this technique.
A THz-TDS mainly comprises of a THz emitter, a time-delayed THz detector, and
the sample in between. This structure is similar to mid-infrared spectroscopy but with THz
waves instead. The THz light source is typically generated by a semiconductor (like GaAs)
with antenna structures defined on its surface via photolithography [76, 77]. As a
femtosecond pulse impinges on the semiconductor material, the photogenerated charge
carriers can be accelerated by the applied bias field with the antenna structure. A THz pulse
radiation is then generated and collimated by a substrate lens at the rear surface of the
emitter. The THz detector collects the focused THz beam after passing the sample. Unlike
the emitter, no bias voltage is applied to the antenna in the detector. The received THz wave
(field) induced the voltage across the antenna, which drives the photocarrier excited by the
femtosecond pulse and the instantaneous photocurrent can be measured. By scanning the
optical delay line, the time-domain information of the THz pulse is obtained through the
convolution of the photocurrent impulse. Therefore, the THz pulse carrying sample’s
information can be sampled and recorded with an oscilloscope. After Fourier processing,
sample’s unique responses can be revealed in the frequency domain.
In the early development stage of THz-TDS, the delay between the femtosecond
pulses from the separate arms was controlled by using a mechanical delay-line. The
generated THz pulses was then be able to temporally sample each other, and this sampling
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technique is referred to asynchronous optical sampling (AOS) [78]. However, the
mechanical moving part gave the dilemma of choosing faster acquisition time or higher
frequency resolution for the THz-TDS. In the development history, some approaches had
been applied to the THz-TDS in order to demonstrate better performances.
Yasui et al. presented a high speed and high resolution THz-TDS by using two
Ti:sapphire lasers that there is a repetition rate difference between them [79, 80]. No
moving delay arms in this high speed THz-TDS was used. The AOS was automatically
done with the fact that the generated two THz pulse trains are crossing each other when the
repetition rate difference exists. The resolution can reach the theoretical limit, which is the
repetition rate of the pulse itself, in an acquisition time scale of milliseconds. However, to
keep two femtosecond lasers stable, complex phase-locked loops and stabilization
electronics is necessary. In addition, systems employing two Ti:sapphire lasers are difficult
to be generally deployed due to the size and the cost.
Another alternative to realize fast THz-TDS is optical sampling by cavity tuning
[81]. The repetition rate of the femtosecond laser used in this type of AOS system is tunable.
Fast acquisition time can be achieved by the repetition rate switch. However, this technique
relies on the optical path of the passive delay in fiber or other media to match the repetition
rate difference. In another word, once the passive delay-length is determined, the
measurement can only be done with the corresponding repetition rate difference. Instead
of using the fixed repetition rate difference of two femtosecond lasers, Kim et al.
demonstrated electronically controlled optical sampling with THz-TDS [82]. There are two
femtosecond lasers in their system controlled by electronic servo-loops. A voltage scan to
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a piezoelectric transducer (PZT) in one of the laser cavities can caused the effect of time
delay between output pulses from each laser. The pulses cross-correlation signals can then
be recorded by a digitizer. The high-speed data acquisition can be realized, and it is only
limited by the response frequency of the PZT. However, as abovementioned, two fully
electronical controlled femtosecond laser systems are required for this setup, which makes
the wide adoption of this THz-TDS setup difficult.
With the maturity of fiber laser comb sources, THz-TDS with a partially shared fiber
laser cavity has been demonstrated recently [83]. By multiplexing the polarization states
inside the cavity, two femtosecond pulse trains can be generated with precisely controlled
repetition rate difference. However, removing the servo-loop controls from a femtosecond
laser system has been one of the developing goals for this type of spectroscopy application.
In recent years, free-running mode-locked fiber lasers with multiplexing in propagation
direction, wavelength, and the polarization have been utilized in frequency-comb-based
spectroscopy [84-89]. Not only the laser setup becomes easier, but the properties of the
laser outputs like repetition rate, power, and spectrum are also stable enough to perform
optical sampling or frequency heterodyne detection. Herein, a free-running bidirectional
mode-locked fiber laser (FRBML) is used as the femtosecond laser sources for the THz
pulses generation. The repetition rate difference of the pulse trains from the FRBML
provides the AOS mechanism without the moving delay part. In the following sections, an
AOS-THz-TDS system using a FRBML will be elaborated.
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4.2 Experiment Setup of THz-TDS with a FRBML
The laser system used in this experiment (shown in Fig. 4.1) is a modification of the
FRBML that had been used in the free running near infrared DCS experiments reported in
previous chapters. The net dispersion of the oscillator cavity was managed to be in the
anomalous region, so the output pulse is extracted from a soliton circulating inside the
cavity. A carbon nanotube saturable absorber was used as the passive mode-locking
component. Bidirectional mode-locking operation of this laser is realized by tuning the
polarization controller. The oscillator had two outputs, one was from the clockwise
propagation (CO-arm) and the other was from the counterclockwise propagation (CT-arm).
The repetition rate 𝑓𝑟 of the outputs was measured to be around 61.702 MHz. The output
spectra indicated that there is a 0.5 nm center wavelength difference between two outputs

Fig. 4.1 Schematics of the laser system for the THz-TDS. The ring cavity fiber laser is
similar to the FRBML mentioned in chapter 2. The combination of inline polarization
controller and PM-isolator provides the PM-seed to the PM-EDFAs. Outputs from the
amplifiers were collimated to free space. EDF: Erbium doped fiber. SA: saturable
absorber. PC: inline polarization controller. ISO: PM-isolator with fast-axis blocked.
EDFA: lab-built erbium doped fiber amplifier.
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as Fig. 4.2 shown. For each output arm there was an in-line polarization controller followed
by a fast-axis blocked PM isolator. This stage turned the non-PM output from the oscillator
into the PM light source for the next step. Lab-built PM-EDFAs were used in each arm for
the power amplification. The power of each arm was amplified to about 120 mW, which
corresponds to a pulse energy about 2 nJ. A section of single-mode PM fiber in each arm
was used for pulse compression. Figure 4.3 shows the pulse widths at the output of the
compression fibers, pulses were compressed down to ~65 fs and ~70 fs for CO-arm and
CT-arm, respectively.
In order to use this FRBML as a light source to generate two THz pulse trains with a
time delay for AOS purpose, it is important to look into the parameter of the repetition rate
difference, Δ𝑓r . In our system, Δ𝑓r was approximately 30 Hz, which leaded to a

Power (dBm)

magnification factor of M = 𝑓r /(Δ𝑓r )  2 × 106 , and a pulse-to-pulse delay, Δ𝜏 =

-25
-35
-45
-55
-65
-75
1520

CT-arm seed
CO-arm seed

1540

1560

Wavelength (nm)

1580

Fig. 4.2 Output spectra from the FRBML. The center wavelengths of CO-and CT-arm
are 1555.4 and 1554.3, respectively. Bandwidth of CO-arm is about 6 nm, and CT-arm
has a bandwidth of 7.2 nm.
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Fig. 4.3 Autocorrelation trace of the fiber-compressed pulse from CO- and CT-arm. The
pulse durations are 65 fs and 70 fs for CO- and CT-arm, respectively.

𝑓r−1 − (𝑓r + Δ𝑓r )−1  8 fs. The quality of asynchronous optical sampling can be described
purely in terms of the time stability of M, which defined the magnification deviation as:
𝜕𝑡 𝑀
𝑀

=

𝜕𝑡 𝑓r
𝑓r

−

𝜕𝑡 Δ𝑓r
Δ𝑓r

.

(4.1)

Assuming in the worst case that 𝑓r and Δ𝑓r fluctuations are anti-correlated, and
their noises can be added up, then the magnification deviation becomes:
𝜎𝑀
𝑀

=

𝜎𝑓r
𝑓r

−

𝜎Δ𝑓r
Δ𝑓r

.

(4.2)

This quantity directly relates to the error in the asynchronous sampling rate, which yields
the non-uniform sampling. In Chapter 2, we mentioned that the repetition rate of the
FRBML may have a frequency deviation of 1 part in 107 to 109 over an acquisition time
range of 8 to 33 ms (based on the Allen deviation). To keep the same order of effect, the
repetition rate difference, Δ𝑓r , needs to maintain the fluctuation in μHz order or lower over
the same duration. Therefore, it is understood that even though experiments have shown
repetition rate differences to drift together in FRBML, the drift in Δ𝑓r is easily becomes
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Fig. 4.4 Measured drift of repetition rate difference between two outputs for a random
300 seconds.

the dominant factor controlling the quality of the AOS-THz-TDS. Figure 4.4 shows the
observed slow drift in Δ𝑓r within a 30-second window for this FRBML, which
nevertheless allowed for averaging of 1000 traces over a ∼ 30 second interval to enhance
the dynamic range of our AOS-THz-TDS.
A schematic diagram of the THz-TDS setup is sketched in Fig. 4.5. After
amplification and pulse compression, each arm from the FRBML has the final output pulses
with a peak power around 28 kW centered at 1556 nm. One laser output was focused onto
a plasmonic photoconductive nanoantenna emitter array fabricated on an ErAs:InGaAs
substrate to generate pulsed THz radiation [90]. The generated THz radiation is routed and
focused onto a plasmonic photoconductive nanoantenna detector array fabricated on a lowtemperature-grown GaAs substrate using two off-axis parabolic mirrors [91]. The
plasmonic photoconductive nanoantenna detector array is designed to operate at the
wavelength around 780 nm. Therefore, a periodically poled lithium niobate (PPLN) crystal
was incorporated into the path of the other laser output for the second harmonic generation.
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Fig. 4.5 Schematic of THz-TDS measurement setup. The output pulses were split and
the 1% port from each arm were combined and sent to a photodiode (PD) for the
external trigger (blue line). 99% ports were collimated and sent to the THz emitter
and PPLN. Free space paths are drawn in dash line.

The generated pulses with ~780 nm of wavelength was then focused onto the plasmonic
photoconductive nanoantenna detector array. The generated photocurrent by the THz
detector was amplified using a current amplifier (Femto DHPCA-100, amplification factor:
106, bandwidth: 1.8 MHz). A PCI digitizer card (AlazarTech ATS660) was used for
recording the time trace of the amplified current.
Typically, an AOS-THz-TDS requires a trigger signal to build an accurate time-base
for the captured signal. To generate this trigger signal, a small portion of the two laser
output pulses was combined via a fiber coupler. The interfered beam was sent to a
photodetector (New Focus Model 1611). The photodetector output passes through a
bandpass filter to obtain the generated interferogram from the two overlapping optical
pulses. The generated interferogram, which serves as the trigger signal, was sent to the PCI
digitizer for data acquisition and time-base creation.
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4.3 Results and Discussion
The acquisition time of a single-trace photocurrent for the constructed THz-TDS
system is 33 ms, which was corresponding to the repetition rate difference of 30 Hz. Larger
Δ𝑓r provides faster acquisition, but frequency resolution would be reduced in trade. Figure
4.6(a) shows a 200-ps window of the single photocurrent trace obtained from the THz
detector. To obtain the power spectrum, Fast Fourier Transform was applied to an 800-ps
photocurrent trace windowed by an asymmetric Hanning function. Figure 4.6(b) shows the
converted power spectrum. The dynamic range of the resolved power spectrum from a
single-trace acquisition was more than 20 dB. The spectral lines of water vapor at 0.557
THz and 0.753 THz were clearly observed in the resolved power spectrum.
In order to reduce the noise level and increase the dynamic range of the obtained THz
spectrum, multiple photocurrent traces are recorded and averaged. Since the repetition rate
difference, Δ𝑓r , stays almost constant over a long time, no post-processing is required to

(a)

(b)

Fig. 4.6 (a) A measured photocurrent trace zoomed in to 200 ps. (b) The
corresponding power spectrum of the measured single time trace.
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fix the time-base of different captured photocurrent traces. Figure 4.7 (a) shows the power
spectra obtained with different averaged traces. As the number of the averaged traces
increased, the noise level was reduced, and the detection dynamic range was increased.
More spectral structures were revealed at the higher frequency. For our best result,
approximately 1000 traces recorded in a 30-second data acquisition were averaged.

(a)

(b)

Fig. 4.7 (a) The resolved power spectra for the averaged time traces acquired in 33
ms, 330 ms, 3.3 s, and 30 s. (b) The comparison of the resolved power spectra of 30
seconds averaging with the external trigger and self-trigger. The absorption
frequencies were compared to the HITRAN data of water absorption lines (yellow
lines). Note that the spectrum was shifted 10 dB for the clarity.
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In TDS applications, a stable trigger system is important in building the time base of
the measured signal, especially for timing-sensitive applications. In our system, the trigger
was the interferogram of FRBML outputs, which shared the same timing stability of the
THz pulses generated from that. To further simplify the system, the trigger from the
interferogram of FRBML outputs were removed. Instead, the generated photocurrent by
the THz detector itself was used to trigger the digitizer card. For comparison, the averaged
power spectra of a 30-second data acquisition with and without the external trigger were
plotted in Fig. 4.7 (b). The spectrum from the self-triggered THz-TDS showed the same
signal-to-noise ratio, spectral bandwidth and accuracy as the spectrum obtained from the
externally triggered THz-TDS. This indicates the stability of our FRBML is more than
sufficient for this AOS-THz-TDS application. The result is promising to develop a simpler
and more compact THz-TDS system.
The spectral resolution of the reported data for our system was 1.25 GHz, which is
based on the 800-ps time-window used in the spectrum calculation. Theoretically, the
frequency resolution limit of the AOS-THz-TDS system is determined by the repetition
rate of the laser outputs. This can be reached when using the entire time trace of the
recorded photocurrent, which corresponds to the inverse of the repetition rate difference.
However, the drift in the repetition rate difference of the two laser outputs increases the
uncertainty of the time base. In addition, increasing the resolution may also increase the
noise level and cause a reduction in dynamic range.
To verify the accuracy of the resolved spectra, the frequency of the water spectral
lines observed with the AOS-THz-TDS system based on the FRBML was compared with
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the water absorption lines obtained from the HITRAN database [92]. As it can be seen in
Fig. 4.8, a good agreement is found between the resolved water spectral lines by the AOSTHz-TDS system and the HITRAN dataset up to 2 THz. However, due to the increased
noise level, it becomes harder to distinguish the spectral lines from the noise fluctuations
above 1.65 THz. The mean deviation of the frequency of the spectral lines between our
measurements and the HITRAN database is calculated as 563 MHz for frequencies below
1.65 THz, demonstrating the spectral accuracy of the spectroscopy system. It should be
also noted that the environmental factors, such as humidity, temperature, and pressure are
also partly responsible for this deviation.
Although we have demonstrated ASOPS-THz-TDS with a single free-running laser,
removing the need for a second laser, mechanical delay line, and the control electronics,
several factors have limited the dynamic range and bandwidth of the demonstrated AOSTHz-TDS system.
The first factor is the shape and duration of the optical pulses after the fiber
compression stage. Although CO- and CT-arm offer 65- and 75-fs FWHM pulses,
respectively, their relatively large pulse pedestals broaden the overall pulse-width used for
pumping/probing the terahertz source/detector, which produced slower transient
photocurrent and narrower operation bandwidth for the AOS-THz-TDS system.
Another factor is the drift of the repetition rate difference of the two laser outputs,
Δ𝑓r . As the drift of Δ𝑓r happens during data acquisition, the signal is not periodically
sampled, which leads to the time-base distortion. This is similar to the case of using
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mechanical delay stages in traditional THz-TDS systems. A delay stage with low accuracy
can cause such fluctuations in sampling as well, which are proven to limit the dynamic
range of the spectroscopy system [93]. The negative impact of the time-base distortion in
the recorded photocurrent traces is more apparent when averaging multiple traces. If the
time-base fluctuates, averaging can degrade the spectral resolution, add undesirable
artifacts to the spectrum, and decrease the sharpness of the resolved spectral lines.
Mode-locked lasers with polarization control are typically sensitive to movement and
environmental perturbations like temperature fluctuations and vibration. Thermal
stabilization and vibration isolation can help to minimize the fluctuations in optical output
power level and the repetition rate difference. While phase-locking electronics may be
complex and costly with two laser systems, single multiplexed oscillator AOS-THz-TDS
might only require stabilizing one degree of freedom for high resolution performance.
Both the terahertz emitter and the detector have better performance under higherpower optical illumination. Notice that the terahertz detector used in this experiment is
designed to operate at a 780-nm wavelength. Second harmonic generation is achieved with
40% conversion efficiency by using a PPLN crystal. Therefore, adding another
amplification stage to the laser for generating or probing THz pulse with better quality is
being considering for the future research.
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4.4 Conclusion
A Self-triggered AOS-THz-TDS system has been demonstrated with a single FRBML and
the plasmonic-enhanced photoconductive nanoantennas. Terahertz spectra over a 0.1–2
THz frequency range with more than a 70-dB dynamic range are resolved by averaging
1000 photocurrent traces acquired in 30 seconds. Water absorption lines matching the
HITRAN database within the maximum frequency error of ~0.5% were demonstrated. The
performance of this THz-TDS with no sophisticated control circuits, no mechanical delay
arm, and no external trigger provides the promising future of developing compact and
deployable THz-TDS systems.
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Chapter 5
Watt-level All-fiber Optical Parametric
Chirped-Pulse Amplifier Working at 1300
nm
In this chapter, an all-fiber ultrafast optical parametric chirped-pulse amplifier
producing Watt-level average output power near 1300 nm will be introduced. A compressed
output pulse duration of ~300 fs was achieved. This light source is important for
multiphoton microscopy due to the deeper tissue penetration ability. This high power
operation is important because the required nonlinear excitation power typically increases
with the image depth. The light source has been integrated with our lab-built multiphoton
microscopy system. Multiphoton imaging of a variety of samples carried out with this light
source shows a good signal to noise ratio. With the demonstrated imaging capability, we
believe that this high-power ultrafast laser source addresses a key need in deep tissue
multiphoton microscopy.
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5.1 Introduction to the Optical Parametric Chirped-pulse
Amplifier
The advantages of ultrafast fiber lasers in terms of their compactness, their alignment
free nature, and their low-cost compared to traditional solid-state ultrafast sources make
them increasingly important light sources to scientific research and industrial applications.
Currently, there is a growing need for wavelengths outside of the gain bandwidths of
commercially available gain fibers like Yb-, Er-, and Tm-doped fiber for 1 μm, 1.55 μm
and 1.9 μm, respectively. In multiphoton microscopy (MPM), 1300 nm and 1700 nm have
been identified as key wavelength regions for deep tissue imaging due to low (compared
to shorter wavelengths) scattering, low water absorption, and the ability to excite
endogenous fluorophores [94-96]. However, both of these wavelengths are still difficult to
achieve watt-level output power using traditional gain media. This high power operation is
important because the required nonlinear excitation power typically increases with the
image depth [97, 98]. For this reason, nonlinear optical techniques are typically used to
develop high power lasers working at 1300 nm or 1700 nm region for MPM.
Supercontinuum (SC) generation has become a mature and widely adopted technique
to obtain broadband spectra [99]. Chung et. al. has demonstrated a light source from 1300
nm to 1700 nm via supercontinuum generation and soliton based spectral broadening [100,
101]. However, for supercontinuum light sources, the power from a relatively narrow pump
is distributed across a broad spectrum, leaving quite low power in each region. Soliton
based spectral shifting and broadening relies on propagation of a transform limited pulse
in the anomalous dispersion region of optical fibers. Thus, the maximum achievable power
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is limited by end fiber damage threshold and pulse breaking phenomena. Recently, an
advanced laser system using both a Ti: sapphire based optical parametric oscillator (OPO)
and an Yb fiber laser was developed, providing high-power output at both 1300 nm and
1700 nm region via nonlinear crystals for use in MPM [102]. However, the complexity,
maintenance, optical alignment, cost, space occupation, and low system mobility limit the
system availability. A synchronously pumped all-fiber normal dispersion Raman laser with
phosphosilicate fiber providing wavelengths at 1240 nm has been reported but was limited
by the formation of noise-like pulses during power scaling [103].
As an alternative method to reduce the system complexity, fiber based four-wavemixing (FWM) techniques such as optical parametric amplifier (FOPA) or oscillator
(FOPO) are used to provide broad bandwidth tunability to reach the desired wavelengths
[104, 105]. The wavelength tunability can also be realized by a one-pump parametric
process in fiber, known as degenerate FWM, and its phase matching requirement is
expressed by the following equation:
𝛽(𝜔𝑠 ) + 𝛽(𝜔𝑖 ) = 2𝛽(𝜔 ),

(5.1)

where the 𝛽(𝜔𝑠 ), 𝛽(𝜔𝑖 ), and 𝛽(𝜔 ) are the propagation constants of the signal, idler,
and pump, respectively. Equation (5.1) indicates that by changing the pump wavelength or
the dispersion profile of the fiber, the signal and idler wavelengths are accordingly tuned.
The combination of fiber based FWM and chirped pulse amplification technique can
provide not only the broad wavelength turnability from FWM mechanism, but also the
power scalability through the high gain chirped-pulse amplification [106-110].
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In this work, we present the first watt-level (~1.1 W) average output power at 1300
nm region from a synchronously pumped all-fiber optical parametric chirped pulse
amplifier (FOPCPA). With this technique, the temporally stretched seed pulse must overlap
with the temporally stretched pump pulse in time in a suitable optical fiber to obtain the
parametric gain from the pump pulses. Due to the instantaneous nature of parametric
interaction, the synchronization between the signal seed and pump pulse is a crucial
requirement. If the seed and pump lasers are from two different oscillators, an electronicbased active synchronization mechanism is needed [109]. To avoid this complication, ref.
[107] used a continuous-wave (CW) laser as the seed laser to achieve temporalsynchronization with the pump pulse, removing the need for any active synchronization
techniques. Another common approach, passive synchronization, uses seed and pump
pulses that are both generated from the same oscillator to achieve a sub-ps level of
synchronization [111, 112]. Nonetheless, most current passively synchronized OPCPA or
FOPCPA systems have a partially free-space design, such as focusing light into the
parametric gain fiber. It is desirable to develop an all-fiber format FOPCPA for high-power,
alignment-free, robust, compact, portable, and low-cost ultrafast pulse generation as a
platform to provide a broad variety of wavelengths not achievable by traditional gain media.
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5.2 Experimental Setup of FOPCPA
Figure 5.1 shows the schematic diagram of our laser system. The front end of this
laser system is a ring cavity fiber laser mode-locked with a carbon nanotube based saturable
absorber [46]. The repetition rate and output power of this oscillator are 53.48 MHz and
1.5 mW, respectively. After the first amplification stage with a EDFA, the spectrum was
broadened to 38 nm at full-width-half-maximum (from 1532 nm to 1570 nm) due to selfphase modulation. The average power is amplified to about 100 mW in this step. We then
split the laser into two arms with a power ratio of 10:90. The lower arm in Fig. 1. contains
about 90 mW. Here, a section of SMF-28 (about 180 cm) is used for compressing the upchirped pulses down to 80 fs. We then spliced a 5-cm-long HNLF to the SMF28 fiber to
generate a coherent SC light source needed to form the seed at 1300 nm for our FOPCPA.
This HNLF and the conventional SMF28 fiber are directly spliced together with low loss

Fig. 5.1 All-fiber FOPCPA System configuration. WDM: wavelength division
multiplexer; SA: saturable absorber; ISO: isolator; EDF: erbium doped fiber; OC:
output coupler; BPF: band pass filter; PC: polarization controller; DCF: dispersion
compensation fiber; DL: delay line; HNLF: highly nonlinear fiber; LSF: Corning SMFLS fiber; OSA: optical spectrum analyzer; Single green triangle: Er-doped fiber
amplifier (EDFA); Double triangle: main amplifier with double-cladding Er/Ybcodoped gain fiber for final high-power amplification. Blue and black guidelines
represent polarization maintaining (PM-) fibers and non-PM-fibers, respectively.
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to maintain the all-fiber format [113]. In addition, the SC and pump generated from the
same oscillator enabled the pump-seed synchronization without any active control. The
output of the HNLF is directly spliced to a ~43-m-long dispersion compensation fiber (DCF,
Corning DCM, ~104ps/nm/km at 1550 nm) to stretch the SC pulse. An in-line polarization
controller and fast-axis-blocking PM isolator are then used to ensure that the seed has linear
polarization for the next parametric amplification stage.
In the upper arm (the pump arm for our FOPCPA), to minimize the gain narrowing
during the high-power amplification, the 1550 nm light with 38 nm FWHM bandwidth is
sent to a spectral band pass filter (BPF) to tailor the pump spectrum for the FOPCPA. This
step is needed because if the whole spectrum were to be sent to the high-power amplifier
directly, a complex (not optimal) power distribution in the output spectrum was observed.
Moreover, a distorted spectral distribution of the pump laser could cause undesirable
parametric gain saturation during the parametric amplification process, resulting in
significant pedestals in the final pulse compression stage. In the time domain, the deformed
pulse shape after pulse stretching could critically affect the FOPCPA performance as well.
More details regarding the effect of gain saturation in FOPCPA were reported in Ref. [114].
For the above reasons, a BPF was necessary to concentrate the power into the correct
bandwidth and eliminate the unwanted spectral components. The pump spectrum was
tailored to be a 5.5 nm bandwidth centered at 1543 nm via the BPF, as Fig. 5.2 shows. After
the spectral filter, approximately 200 m of the same DCF is used to stretch the pump pulse
width to 96 ps. The pump and signal pulses are synchronized by tuning the optical delay
line inserted in the pump arm (upper arm). After the pre-amplifier, the 1543 nm pump
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Fig. 5.2 The pump spectrum in linear scale before (38 nm bandwidth, black) and after
the spectral filter (5.5 nm bandwidth, red). Note that the power is normalized to the
maximum of each spectrum

average power is amplified to ~30 mW for seeding the main amplifier. The pump and signal
seed are combined using a 1300/1550 WDM after another fast-axis-blocking PM isolator,
and then sent into the main double-cladding pumped Er/Yb-codoped amplifier. The
polarization of the injected pump light can be optimized by tuning the in-line polarization
controllers. The FOPCPA pump power is boosted to over 7 W after the main amplifier (note
that only the 1543 nm pump light is amplified in the main Er/Yb-codoped amplifier). A 4.2
m section of Corning SMF-LS fiber (LSF) [115] is used as the parametric gain fiber and is
spliced directly to the main amplifier output. The zero-dispersion wavelength of LSF is
~1566 nm. The calculated phase matching curve (see Fig. 5.3) indicates that the pump at
1540 nm would amplify the signal and idler wavelengths at around 1300 nm and1900 nm,
respectively. Therefore, LSF is an ideal parametric gain fiber candidate for a laser system
designed for 1300 nm output. Compared to PCF, a longer LSF length was necessary to
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Fig. 5.3 The calculated phase matching curve of LSF. The blue and red curve represent
the idler and signal wavelengths, respectively.

compensate for the lower nonlinear coefficient (~2 W-1km-1 at 1550 nm). Figure 5.4(a)
and (b) depict the pump spectrum at 7 W and the stretched pulse shape in time domain,
respectively. From the phase matching curve (see Fig. 5.3), the parametric gain
spectrogram of the up-chirped pump with a bandwidth of 5.5 nm is calculated and shown

(a)

(b)

Fig. 5.4 (a) Pump spectrum after the main amplifier with a power of 7 W. The
modulation on top is caused by a slight misalignment of polarization maintaining
fiber splice. (b) Stretched pump pulse shape in time domain measured by a fast
sampling oscilloscope.
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in Figure 5.5. The calculated spectrogram reveals a 40 dB of parametric gain with a
bandwidth of ~12 nm. Correct chirp rate matching of the 1300 nm seed signal and the
parametric gain created by the pump pulse are crucial to obtain the broadest output spectral
bandwidth from this FOPCPA [108].

Fig. 5.5 Calculated gain spectrogram from 96 ps chirped pump pulse with 5.5 nm
FWHM spectral bandwidth.

5.3 Results and Discussion
The chirp rate matching can be done by either varying the chirp rate of the pump
pulses or the chirp rate of the 1300 nm seed pulses. Both options involve adjustment of the
length of the corresponding DCF. In our experiment, we chose to vary the chirp rate of the
pump pulses. The rough estimation of the required pump chirp rate is achieved using
simulation of our FOPCPA. We then further fine-tune the pump chirp rate using
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experimental methods in the real FOPCPA system. The length tuning of the DCF in the
pump arm needs to be integer multiples of the cavity length to maintain synchronization.
We found experimentally a ~2 ps pump pulse duration change per 3.79 m DCF removed or
added. The corresponded gain chirp rate was then varied accordingly.

Over-chirped

Exact-chirped

Under-chirped

time

time

time

time

time

time

time

time

time

Fig. 5.6 Experimental illustration of matching signal gain and seed chirp slopes and
the resulting spectra. Three columns of panels from left to right correspond to the
case of over-chirped, exact-chirped, and under-chirped of the 1300 nm seed pulse,
respectively. The schematic spectrograms at the upper-right corner of each panel
represent the seed chirp (blue) and the signal gain chirp (rainbow). Different rows
correspond the different time delay between pump and seed pulses.
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Figure 5.6 illustrates the case when the gain chirp rate is over-chirped, exact-chirped,
and under-chirped compared to the seeded 1300 nm signal chirp rate, as well as the
amplified signal spectra under each circumstance. In the over-chirped case, the overlapping
frequency on the gain-seed spectrogram changes with the time delay between pump and
seed pulses. This results in only a narrow band of the spectrum is amplified at different
time delay, as the left column of Fig. 5.6 shows. When the chirp rate of gain and seed pulse
are exactly matched, a significantly broader amplified spectrum is observed. The broad
amplification bandwidth was almost the same throughout the whole synchronization time
window, as it is shown in the central column of Fig. 5.6. In the case of under-chirped,
different spectral components is amplified at different time delay again, the result of which
is similar to the over-chirped case as shown in the right column of Fig. 5.6. The only
difference between these over- and under-chirped cases is that the spectral components are
amplified in reverse order when tuning the time delay between pump and seed pulses. It is
clear that when the chirp rates are not matched, the amplification of different spectral
components of the 1300 nm seed pulse was not uniform and was largely determined by the
time delay between the pump and seeded pulses. This directly caused a waste of pump
power when only a small fraction of the total gain bandwidth was converted. For this reason,
the pump and seed chirp rate had to be optimized to ensure our FOPCPA was operating in
the exact- chirped case for best conversion efficiency and broadband output.
When the pump and seed are fully synchronized, and chirped rates are matched, we
obtained the signal (1300 nm region) and idler (1900 nm region) output average power of
1.1 W and 0.85 W from the 7.4 W 1543 nm pump, respectively. The 1.1 W signal output
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power corresponds to a pulse energy of ~20 nJ in our system. Figure 5.7(a) shows the signal
output spectrum of the FOPCPA. The amplified signal bandwidth is 12 nm centered at 1308
nm, as expected. The idler is generated at 1880 nm with a bandwidth of 12 nm. Note that
the mid-infrared (~4.3 μm or ~8.6 μm) femtosecond pulses can be generated with different
frequency generation technique via the frequency difference between pump, signal, and
idler, and this can be another application with this light source.
Figure 5.7(b) depicts the power conversion between pump power and the FOPCPA
outputs. The power transfer efficiency of signal and idler are about 15% and 11%,

(a)

(b)

(c)

(d)

Fig. 5.7 (a) The full output spectrum of FOPCPA with a 7 W pump and 4.5 m LSF with
(blue) and without (yellow) synchronization between pump and seed pulses. (b)
FOPCPA output power characterization. (c) When seeded signal and pump are fully
overlapped (blue), a 12-nm bandwidth centered at 1308 nm is amplified. The yellow
curve is the SC seed spectrum without turning on the pump. (d) Autocorrelation time
trace of compressed pulse duration of 306 fs.
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respectively. Approximately 40 dB gain with a bandwidth of 12 nm is observed and shown
in Fig. 5.7(c). This result matches with our calculation (see Fig. 5.5). By using a standard
grating pair compression method, the power-amplified 1308 nm signal can be compressed
to ~306 fs (the calculated transform limited pulse width is ~210 fs from the 12 nm spectral
bandwidth), as Fig. 5.7(d) shows. Considering the power loss after grating compression,

Fig. 5.8 A collection of multiphoton images captured using this laser, (a) a lemon tree
leaf, (b) a pisum seed section, and (c) a section of an unstained mouse brain. Minor
adjustments were performed on the images, including adjusting the intensities of
each image for the composite (2PEF colored red, and THG colored green). The images
were acquired with only ~50 mW of laser power on the samples.
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the corresponding peak power is approximately 45 kW. Note that the LSF fiber length is
optimized to be ~4.2 m for the current pump condition, so the amplified signal is not oversaturated the FOPCPA.
In our next experiment, the laser output is coupled into our lab-built multiphoton
microscope to test the laser in real imaging application [116]. Strong two photon excitation
fluorescence (2PEF) signal was seen in a variety of samples, as well as third harmonic
generation (THG). Examples of multiphoton images of a lemon tree leaf, a pisum seed
section, and a section of an unstained mouse brain are shown in Fig. 5.8.

5.4 Conclusion
In conclusion, we have demonstrated the first synchronously pumped all-fiber
FOPCPA delivering average output power of 1.1 W (pulse energy of ~20 nJ), bandwidth of
12 nm centered at 1308 nm, and compressible pulse down to 306 fs (peak power of ~45
kW including the loss from gratings). This laser source was integrated with our lab-built
multiphoton microscope and we have obtained good signal to noise ratio images from
strong 2PEF and THG signals. This high-power laser source at 1300 nm region provides
an important tool for deep tissue imaging for bioscience and medical research. We believe
this all-fiber FOPCPA technique is a promising approach for future development of
compact, high power, broadband, and widely tunable fiber lasers.
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