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Abstract

We describe generation and amplification of medium- and high-energy noise-like pulses
(NLPs) using Yb-doped optical fibers. We also demonstrate supercontinuum (SC) genera-
tion techniques in which NLPs serve as the pump. SC pumped by NLPs has been em-
ployed successfully in optical coherence tomography systems.

Keywords: Yb-doped fiber laser, laser amplifier, ultrafast laser, noise-like pulse, super-
continuum generation, nonlinear optics, optical coherence, tomography

1. Introduction

In the past two decades, ultrafast fiber laser has been a field that witnessed rapid development
of the technology and emergent applications. Ultrafast pulses at high average power are useful
in numerous application areas including micromachining and material processing, nonlinear
frequency conversion, biomedical application, and fundamental science. It is generally
recognized that fiber laser is an attractive technology for compact, robust, low cost, and reliable
ultrafast pulse sources. Compared with conventional bulk solid-state lasers, main advantages
of fiber-based laser systems include good beam quality, ease of delivery, and excellent heat-
dissipation properties. The last feature is due to the large surface area-active volume ratio of
optical fibers.

Rare-earth-doped fiber lasers also exhibit much higher efficiency than crystalline solid-state
lasers. Since the first rare-earth-doped fiber laser was invented over 50 years ago [1], many
experimental and theoretical results on silica- and fluoride-doped fiber amplifiers and lasers
with various rare-earth dopants have been reported [2—4]. The commercially available erbium-
doped amplifiers have already established their key role for optical communication networks
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at 1.55-um. On the other hand, high average power ultrafast laser sources emitting in the 1-
um wavelength range, i.e., ytterbium-doped fiber laser, have also attracted much attention.

Ultrafast pulsed fiber lasers have been observed to operate in different mode-locking regimes,
such as soliton, similariton, and dissipative soliton. A special regime of repetitively pulsed
fiber laser, i.e., lasers generating the so-called noise-like pulses or NLPs [4-8], was also
reported. NLPs are relatively long (sub-ns) wave packets, which exhibit a fine inner structure
of sub-ps pulses with randomly varying amplitude and duration. Depending on settings of
polarizing components such as the wave plates, fiber lasers can generate both regular mode-
locked pulses (MLPs) and NLPs. The first demonstration of fiber lasers generating NLPs was
that of a ring-cavity Er: doped fiber oscillator [9]. Later on, different cavity configurations and
active media were employed to achieve NLPs with controllable characteristics.

In this chapter, we describe our recent work on generation and amplification of medium- and
high-energy NLPs with Yb-doped fibers. We also demonstrate supercontinuum (SC) genera-
tion techniques where NLPs serve as the pump. Theoretical aspects as well as discussions about
physical mechanisms, which make NLPs distinguishable from regular MLPs, are also includ-
ed. SC pumped by NLPs has been employed successfully in optical coherence tomography
(OCT) systems. The advantages of the present approach using NLPs will be discussed herein.

We first describe, analyze, and compare two popular cavity configurations for generating
NLPs: a dispersion-mapped cavity and an all-normal dispersion (AND1). Simulation results
based on coupled nonlinear Schrodinger equations are supported by experiments. Nonlinear
polarization evolution (NPE) is the main mechanism for pulsed operation in these lasers. We
show that both regular Gaussian pulses and NLPs can be achieved in the same cavity by
choosing proper cavity components and adjustment.

The second part of the chapter is about SC generation. Here, we analyze the possibilities of
efficient SC generation using NLPs propagating in standard silica fibers. It is shown that
unique features of NLPs make them very useful for such a purpose. That is, the central
wavelength of the pump and zero-dispersion wavelength (ZDW) of SC generation media are
not critical. We show that, even if the pump wavelength is deep in the normal dispersion
regime (for example, ~1 um where ZDW = 1.33 um), SC can be efficiently generated. Simula-
tions and experimental results of SC generation by NLPs using different single-mode fibers
(SMFs) are presented. We discuss the optimal selection of fiber types and other characteristics
to generate flat SC in spectral region above 1 um. The pros and cons of using specialty fibers
such as photonic crystal fibers (PCFs) pumped by NLPs will also be elaborated.

In the third part of the chapter, we consider the application of SC generated by NLPs for
selected applications, i.e., OCT. The SC spectrum is flat with a bandwidth of 365 nm centered
at 1320 nm. The light source is successfully employed in a time-domain OCT (TD-OCT)
scheme, achieving an axial resolution of 2.3 um. High-resolution fiber-based spectral-domain
OCT (SD-OCT) imaging of bio-tissue (onion skin), comparable to that obtained using a
commercial swept source, is also demonstrated.
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2. NLP generation with fiber lasers

NLPs were first demonstrated by Horowitz et al. from an Er-doped mode-locked fiber laser in
1997 [9]. A NLP is defined as some kind of complicated waveform of relatively long (sub-
nanosecond) duration. It also exhibits a fine inner structure of much narrow sub-pulses (a few
hundred femtoseconds in width) with randomly varying intensity and duration. The inner
structure varies from one waveform to another in the pulse train. On the other hand, the
repetition rate and average duration of the aforementioned waveforms forming a train of
pulses are relatively stable. It was found and demonstrated that such kinds of pulses have
some interesting common features: (1) a very large optical bandwidth (usually of several tens
of nanometers); (2) specific waveforms that exhibit a double-scaled average autocorrelation
trace with anarrow peak riding on a wide pedestal; and (3) low temporal coherence. Moreover,
it was found that NLPs are essentially undistorted even after the pulses have propagated
through a lengthy dispersive medium, e.g., an optical fiber over a long distance.

Thus far, characteristics of fiber-based NLPs have been predominantly assessed only indirectly
by means of numerical simulation or average measurements. There have been many works
published on NLPs generated by fiber laser, but still there is a lack of simple qualitative
explanation of physical mechanisms involved in the formation of NLPs till now. In a paper by
Horowitz et al., it was supposed that NLPs are caused by a polarization-dependent delay effect
due to the birefringence in the laser cavity [9]. Smirnov et al. [10], however, demonstrated that
NLP still can occur in weakly birefringent fiber laser systems. In this paper [10], the authors
introduced three regimes of single pulse generation in an ANDIi fiber laser. The same regimes
can also be observed in our dispersion-mapped fiber laser. On the other hand, Tang et al.
concluded that the key physical mechanism of noise-like generation is caused by the combined
effect of the soliton collapse and cavity positive feedback for dispersion managed fiber lasers
[11]. This contradicted with the report that NLPs are generated in an ANDi fiber laser [12].
Aguergaray et al., meanwhile, proposed that NLPs are caused by the Raman-driven destabi-
lization of mode-locked long-cavity fiber lasers. The destabilization is accompanied by the
emergence of a strong frequency-downshifted stokes signal [13]. Therefore, there are several
mechanisms that can lead to the generation of NLPs. In our dispersion-mapped and ANDi Yb-
doped fiber lasers, we did observe Raman peaks in the output spectra [14]. Hence, Aguergar-
ay’s model is probably more suitable for our laser systems.

2.1. NLPs generated by a dispersion-mapped fiber laser

The configuration of this laser is shown in Figure 1. It is similar to the design of stretched pulse
mode-locked lasers [15]. The laser cavity comprises a segment of single-mode silica fiber
followed by a length of Yb-doped fiber (Yb1200-10/125DC, Liekki). A set of 915 nm laser diodes
with total power up to 24 W and a power combiner are used for pumping. Nonlinear polari-
zation rotation (NPE) is implemented by a polarization beam splitter (PBS) and wave plates.
A grating pair in the near-Littrow configuration is placed after the PBS to provide negative
dispersion in the cavity. The grating arrangement functions as a dispersive delay line (DDL).
The net group velocity dispersion (GVD) of the cavity is kept slightly positive. An optical
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isolator is placed in the air space to ensure unidirectional operation of the laser so that the
mode-locking process is self-starting. By adjusting the wave plates, stable mode-locked or
NLPs are readily observed. The output can be taken directly from the NPE ejection port.
Additional information about the laser can be found in Ref. [14].

Yb fiber
10/125DC FC H %P
1A

QWP
Power I M1

combiner

915nm MM LD

Figure 1. Schematic of the laser setup: FC, fiber coupler; HWP, half-waveplate; QWP, quarter-waveplate, GP, grating
pair; PI-ISO, polarization-insensitive isolator; M1 and M2, mirrors; MM LD, multimode laser diodes.

After the single-pulse mode-locked operation was obtained in this laser, we tuned one of the
wave plates while holding all the other experimental conditions unchanged. It is possible to
shift the laser operation from the conventional single-pulse mode-locked operation into the
NLP emission regime. This behavior was also reported by previous workers [4, 6]. We observed
self-starting noise-like laser operation for a relatively large range of pumping powers. The
output powers of NLPs can be varied from <0.1 W to >1.6 W. The highest pulse energy obtained
was 45 nJ, with a pumping power of ~13 W. After increasing the pumping power to more than
14 W, one of the fiber couplers was damaged.

Our dispersion-mapped noise-like laser is fairly robust. We attribute this improved stability
to the laser design, where NPE is accompanied by self-amplitude modulation induced by
spectral filter. The role of negative GVD induced by gratings pair is also important. For the
dispersion-mapped fiber laser shown in Figure 1, with a repetition rate of 31.5 MHz [14], the
GVD of grating pair was set at —0.11 ps®. This value is estimated to be slightly smaller than that
of the total net positive GVD due to the fiber (~0.15 ps?) in the cavity.

By translating the iris transversely across the laser axis (Figure 1), it is possible to modulate
the central wavelength of generated pulses. We also found that the diameter of the iris
determining the filter bandwidth also affects the output spectral bandwidth and duration of
generated NLPs. For both narrowband and broadband NLPs, the tuning range for both cases
reached 12 nm [14].
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Figure 2. Oscilloscope trace of the train of noise-likes pulses (a); output power of the NLP laser vs. pumping power (b)
[14].

We also set up a dispersion-mapped fiber laser in which the GVD of grating pair was set at
—0.219 ps?, while the fiber GVD was estimated to be 0.192 ps®. Hence, the net GVD of fiber
cavity became slightly negative in this configuration with a repetition rate of 15.7 MHz. The
active fiber length has been increased from 1.2 m in our previous work to 7 m. Figure 2(a)
shows the oscilloscope trace of the laser output as measured by a fast InGaAs detector. The
behavior is typical for NLP emission state. The output powers of NLPs can be varied from <0.1
W to beyond 1 W (Figure 2(b)). The highest pulse energy obtained was ~6 nJ, with a pumping
power of ~5 W. The tuning wavelength for NLP is from 1057 to 1090 nm, i.e., the tuning range
is as high as 33 nm, more than twice of the previous result [14]. The spectral bandwidth of the
laser output can also be varied from 6 to 54 nm. This is illustrated in Figure 3. The tuning
characteristic could be important for some applications. For example, in the case of further
amplification of generated pulses by fiber amplifiers, it is necessary to match the bandwidth
of the oscillator with the gain spectrum of the amplifier.
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Figure 3. Optical spectra of the measured NLPs corresponding to different positions of the iris (a) and width (b).

215



216

Fiber Laser

In order to understand NLP formation, we have simulated the buildup dynamics of the laser
cavity in the figure with a repetition frequency of 31.5 MHz [14]. This is performed by
recognizing the cavity as consisting of several connected fiber components. Pulse propagation
in each fiber section was described by the corresponding nonlinear Schréodinger coupled-mode
equations [16].

oA, . 2 21, 1 1,5, i 0°A,
- —1}/{|Ax Ax+§‘Ay‘ A+ A, Ax}+g(Epulse)Ax—E,B2?

y 2 2, 2.4 i O0A
—- 17{‘Ay‘ A AL A S AZA 3(Epue ) A, P
where A, and A, are the field envelope components; y is the nonlinear coefficient; §, is the
GVD; g(E, .) is the gain function for active fiber pieces or zero for passive fiber.

pulse

Equation (1) also includes the amplification of NLPs in active optical fibers and filtering effect
due to limited gain bandwidth of the aforementioned active media. If the parameter set
corresponded to the condition of minimal cavity loss for specific modes, then a stable pulse
train of regular (close to Gaussian) shape will be circulated in the oscillator shortly after laser
onset. A negative second-order dispersion term of ~0.02 ps* was assumed, neglecting high-
order dispersion terms. We used Jones matrices approach to represent different polarization
states as the pulses propagate through the wave plates and the PBS in our calculation. Every
tiber section (active and passive) was modeled using the split-step Fourier method [16]. It was
found that stable NLP waveforms began to circulate in the laser cavity after just a few round-
trips (Figure 4) after pumping starts. We note further that a myriad of nonlinear effects, e.g.,
self-phase modulation, cross-phase modulation, four-wave mixing, etc., contribute to the
generation of NLPs.
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Figure 4. Building up dynamics in time (a) and spectral (b) domains of a fiber ring oscillator generating NLPs [17].
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The simulation results for the steady state are in good agreement with experimental observa-
tions. The estimated iris filter bandwidth, corresponded iris diameter, output bandwidths, and
bunch duration for the laser cavity with a repetition frequency of 31.5 MHz are listed in Table 1.

Iris diameter Iris bandwidth Measured output Calculated output Measured Calculated

(mm) (THz) bandwidth (THz) bandwidth (THz) autocorrelation trace autocorrelation trace
half-width (ps) half-width (ps)

1 5 2.1 5 5 7

2 10 5.5 9 20 12

3 20 14 15 90 20

Table 1. Summary of measured and simulated results for NLPs [14].

By inserting an additional 200-m length of SMF inside the cavity (Figure 1), the repetition rate
of the noise-like pulsed fiber laser was found to be reduced to ~928 kHz. The output power of
the laser exceeded 1 W. Thus, the energy of the NLPs directly from the laser oscillator can be
as high as 1.25 pJ (Figure 5).
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Figure 5. The pump-power dependence output of a high-energy fiber laser oscillator generating NLPs.

2.2. ANDiI fiber laser

Although stable noise-like operation with controllable characteristics can be readily achieved
in a dispersion-mapped fiber laser, such scheme is not practical when the required repetition
rate becomes lower than 10 MHz. This is due to increased dispersion of fibers in the longer
cavity and the corresponding DDL needed. Therefore, we also investigated an ANDi fiber
oscillator for generation of NLPs.
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LD @915nm

Combiner
ISO

Figure 6. Schematic of ANDi fiber laser. FC, fiber coupler; HWP, half-wave plate; QWP, quarter-wave plate, PBS, po-
larization beam splitter; LD, laser diode; ISO, isolator.

The ANDi laser is perhaps one of the simplest designs of mode-locked Yb-doped fiber
oscillators. There is no need for dispersion-compensation components such as the grating pair
[18]. Typically, the dispersion in the cavity of an ANDi laser is managed by a narrow-band-
width interference filter. We found that after proper alignment of the waveplates, an ANDi
laser can also generate NLPs. In comparison with the dispersion-mapped laser, the achievable
pulse energy at the output is larger. An average power of 850 mW (pumped at 2 W) at a
repetition rate of ~15 MHz, which corresponds to pulse energy of 55 nJ, was obtained for a
cavity length of 13 m. The bandwidth of generated NLP was as high as 21.8 nm. When the
cavity length was increased to 62.5 m or a laser repetition rate of 3.2 MHz, the spectral
bandwidth approaches a value at least fourfold higher than the regular mode-locked pulse.
The central wavelength of the laser is 1096 nm and the spectral bandwidth can reach 83 nm.
The laser can also deliver an average output power of 400 mW (pumped at 1 W) or a pulse
energy of 125 nJ.
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Figure 7. Characteristic of ANDI laser. (a) Pulse train and (b) optical spectrum.
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In summary, using cladding-pumped Yb-doped active fibers and high-power multimode laser
diodes, we demonstrated that NLPs with relatively high energies can be generated with either
dispersion-mapped or ANDi cavities. The latter exhibits some advantages over the former,
e.g., ease of alignment, lower threshold, and higher pulse energy. The achieved average power
of NLPs can be as high as ~1 W and, limited only by damage threshold of available fiber
couplers. On the other hand, it is possible to control temporal and spectral characteristics of
NLPs generated by the dispersion-mapped laser over a broad range. This is not possible for
the ANDi laser.

3. SC generation by NLPs

In the past decade, tremendous progress has been made in SC generation (SCG) [19]. Nowa-
days, SC source has been widely used in many applications such as OCT, frequency metrology,
and wavelength division multiplexing systems [20-22]. Using rare-earth-doped fiber lasers,
especially Yb-doped fiber lasers operating at a high power with a short pulse width as the
pump laser, the spectral bandwidth and the output power of SC sources have increased
dramatically [23-25].

The nonlinear mediums used for SCG have also evolved from bulk media [25, 26] to conven-
tional optical fibers [27], and then PCFs [28-32] for visible light, near-infrared, and mid-
infrared SCG. The SC generated with PCFs is popular due to the controllable ZDWs and high
nonlinearity [19]. Moreover, very powerful light sources at ~800 nm and ~1 um can be used
for efficient SC pumping. However, PCFs are still expensive and not widely available.
Furthermore, especially for high-power operations, splicing between PCF and pigtailed fiber
pump source is a significant challenge because of mode field mismatch and the microhole
collapse effect [33]. Standard SMFs for optical communication, on the other hand, are inex-
pensive and easy to integrate. Pumping standard SMF at ~800 nm or ~1 um, however, is not
so efficient because these popular pump wavelengths are located in the normal dispersion
region of the SMF. It requires much more pump power to excite SC compared with SCG in the
anomalous regime. Further, in the case of CW or picosecond duration pump sources, the SC
spectrum so generated exhibits very strong oscillations [34]. Recently, it has been demonstrated
that such spectral oscillations can be explained by cascaded Raman scattering [34-36]. Such
modulations in spectrum are not desirable for applications such as OCT.

On the other hand, more broadband pumps have been shown to result in SC with a smoother
spectrum [37]. As reported by Horowitz et al. [9], NLPs can be successfully used for such a
purpose. Besides a very large optical bandwidth, NLPs are capable of propagating without
distortion through a lengthy dispersive medium over a long distance [9]. Later, Hernandez-
Garcia et al. [38] demonstrated flat broadband SCG by pumping SMF in the anomalous
dispersion region with a train of NLP at the central wavelength of 1.5 um. The energy threshold
was as low as ~12 nJ. Recently [39], we have reported similar desirable characteristics (a low
threshold and a flat spectrum) by pumping SMF in the normal dispersion regime with NLPs.
In contrast to the anomalous case, the physical mechanism of such SCG is cascaded Raman
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scattering that results in significant spectral broadening in the longer wavelength regions of
the SC whereas the Kerr effect is responsible for smoothing the spectrum of generated SC.

% Output
/ N\
/ 915nm MM LD Q
Yb-doped fiber Passive fiber
Yb1200-10/125DC

HWP QWP

-/ oS-

915nm MM LD PI-150

Yb-doped fiber
¥b1200-10/125DC

Figure 8. Schematic of the experimental setup: FC, fiber coupler; HWP, half-wave plate; QWP, quarter-wave plate; GP,
grating pair; PI-ISO, polarization-insensitive isolator; ISO, Faraday isolator; M1 and M2, mirrors; MM LD, multi-mode
laser diodes.

The experimental setup for SCG is shown in Figure 8. The pump source is a dispersion-mapped
Yb-doped fiber laser based on the ring cavity design that can generate tunable NLPs with
energies as high as ~45 nJ with a central wavelength of ~1 um [14]. This laser can also be
configured to generate stable mode-locked femtosecond pulses. The use of negative dispersion
delay line and the spatial spectral filter (Figure 8) was found to be important for such a high-
power noise-like operation. In the NLP regime and when pumped at ~7 W, the oscillator
irradiates a pulse train with a repetition rate of ~31.5 MHz, an average power of ~600 mW, and
an average noise-like bunch duration of ~45 ps. Typical spectrum and intensity autocorrelation
trace of the NLP laser are shown in Figure 9. The spectral bandwidth of the NLPs was ~10 nm
full width at half maximum (FWHM). We also simulated the buildup dynamics of our laser
cavity by recognizing it as consisting of several connected fiber components. Assuming a
thermal Gaussian noise as a source of oscillations, we found the conditions where repeated
NLPs begin to circulate in the laser cavity after hundreds of round-trips. Such simulations
yield results (spectra, autocorrelation traces) that are close to experimental measurements [39].
An example of simulated NLP characteristics is shown in Figure 10.

The NLPs from the seed laser described above were boosted up to an average power of ~2 W
in a single 1.2 m-length Yb-doped amplifier stage and used as a pump to excite the SC. Several
different SMFs were investigated for SCG. They were spliced to the output fiber end of the
amplifier. All fibers are single mode at the pump wavelength (~1 pum). They were selected to
examine the effects of nonlinearity on SCG. The parameters of the fiber investigated are
summarized in Table 2. The dispersion coefficients g, at 1060 nm central wavelength and the
ZDW for F1060c were calculated from the Sellmeier equation for 5% GeO, doped silica [40].
For SMF980A and UHNAS fibers, the parameters (3, and ZDW were calculated from dispersion
curves provided by fiber manufactures.
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Figure 9. The experimentally measured spectrum (a) and intensity autocorrelation trace (b) of NLPs irradiated by the

oscillator in Figure 1.

Fiber Type F1060c (Lightwave Tech) SMF980A (POFC, Taiwan) UHNA3 (Nufern)
Mode-field diameter at 1060
8.4 um 4.5 um 2.6 um
nm
Numerical aperture 0.11 0.21 0.35
Core GeQO, concentration’ ~3 mol.% ~10 mol.% ~20 mol.%
Zero-dispersion wavelength 1330 nm 1570 nm 1900 nm
Nonlinear coefficient at
32W1km! 13.7 Wlkm 52.3 W' km™

1060 nm?

Dispersion coefficients at

B, =19.0x107 ps*/m,
5 = 4.5x107° ps®/m,
4.5x10° ps?/

. = -5.991x10® ps*/m,

p

B, =28.1x107 ps*/m,
B;=2.154x10" ps®/m,
B, =8.187x10"* ps*/m,

, =58.9 x107° ps?/m,
p
3 =2.32x107° ps’/m,
2.32x10°° ps’/
B,=1.04x107 ps*/m,

1060 nm?®
Bs=1.879x10" ps®/m, Bs="7.351x10" ps’/m, Bs=2.078x1071 ps’/m,
Be =—6.890x107"° ps®/m Be=-3.965x10"" ps®/m Be =-5.241x107" ps®/m
Spool length 50 m 50 m 10m
Splicing loss ~0.5dB ~1.5dB ~3 dB

!Estimated data;

Estimated from Eq. (2) assuming 1,=3x102°m*W for F1060c; 1,=3.7x10m?/W for SMF980A; 1n,=4.7x10m?*/W for UH-

NA3, respectively;

SFor F1060c, fibers were calculated from Sellmeier equation for 5% GeO, doped silica [41]; for SMF980A and UHNA3,
fibers were calculated from dispersion curves provided by fiber manufactures.

Table 2. Fiber parameter and characteristics.
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Figure 10. An example of simulated NLP waveforms.

3.1. Theoretical analysis and numerical simulation results for SCG

SC generation in an SMF by pumping with NLPs is analyzed by solving the general nonlinear
Schrodinger equation in the frequency domain [19] as follows:

wzi%exp{—L(a{))z}F{A(Z,T) | R(T')\A(Z,T—T')Fﬂ}, 2)

—00

where A and A’ represent the electric field envelopes and y is the nonlinear coefficient [16].

27m2 8n2
TAA. A )
0~ “eff 0

wherein 7, is the nonlinear refractive index and d is the mode-field diameter. F{} denotes the
Fourier transform and R(?) is the full nonlinear response function, which includes instantane-
ous (Kerr) and delayed (Raman) terms and can be modeled by a single damped harmonic
oscillator [16].

Rﬁ)z@—fQéﬁ)+ﬁTi+?em{—ijﬁn(iJ®GL (4)

152 3 1
where f; = 0.18 is the fractional contribution of the delayed Raman response, 7, is the time
constant related to the phonon frequency, and T, is the time constant related to the damping
of the phonons. ©(t) is the Heaviside step function and 6(t) is the Dirac delta function. From
the Raman gain spectra, it is well known [35, 41, 42] that silica glass and Germanate glass have
very similar phonon frequencies but very different phonon damping times. These time
constants are listed in Table 3.
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Absorption in fiber was neglected. In Eq. (2), L(w) is the linear operator representing dispersion
of the SMF, given by L(w) = i(B(w)—p(wy)—P1(wy)(w—w,)), where B, is the first-order dispersion
coefficient associated with the Taylor series expansion of the propagation constant  about w,.
Up to six high-order dispersion terms were taken into account for simulations (Table 2).The
non-linear coefficient y was calculated using Eq. (3) at a central wavelength of ~1.06 um and
using mode-field diameters of fibers according to Table 1. The nonlinear refractive index for
fibers were assumed to be 3x102° m?/W, 3.7x102° m?*W, and 4.7x10% m?/W for F1060c,
SMF980A, and UHNAS3, respectively, according to Eq. (6) in Ref. [43]. Finally, the fourth-order
Runge-Kutta algorithm was used to solve Eq. (2). The simulation results for the three different
fiber samples (according to Table 2) are presented in Figures 11-19. For each fiber sample, we
simulated the evolution of three different types of pulses of equal energy propagating through
the fiber. The pulse energy in every case corresponded to the experimental conditions
including splicing loss (Table 2). The first input waveform used in these calculations was a
simulated NLP (Figure 10), of which characteristics (duration and bandwidth) corresponded
to that of our NLP laser (Figure 9). The second input pulse waveform was that of a mode-
locked Gaussian pulse with a duration of 45 ps, which is similar to the duration of our NLPs
(Figures 9 and 10). The third input waveform was that of a mode-locked Gaussian pulse with
a duration of 200 fs. Its spectral bandwidth (~5 THz) is similar to the bandwidth of our NLP
(Figure 9).

Fiber type F1060c (Lightwave Tech), SMF980A (POFC, UHNA3 (Nufern)
Taiwan)

T 12.2 fs [42] 12 fs [35, 41]

T, 32 fs [42] 83 fs [35, 41]

Table 3. Single damped harmonic oscillator fitting constants.

30

[

E
o
225
o
2
a

Distance (m)

b

foo 1200 1400 1600 1800 2000 100
Wavelength (nm) Delay (ps)

Figure 11. SC evolution in a 50-m piece of F1060c fiber pumped by NLP with 90-n] pulse energy.
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Figure 12. SC evolution in a 50-m piece of F1060c fiber pumped by Gaussian pulse with 45-ps duration and 2-kW peak
power.
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Figure 13. SC evolution in a 50-m piece of F1060c fiber pumped by Gaussian pulse with 200-fs duration and 350-kW
peak power.

Examining the simulation results (Figures 11-19), we find that SC evolution in the case of NLP
pumping is different from those of mode-locked picosecond or femtosecond Gaussian pulses
for the three fiber samples we studied. Note that picosecond Gaussian pulses (~ 45 ps) can only
generate from one to three clear Raman peaks in its spectrum (Figures 12, 15, and 18). That

situation is explained by cascaded Raman scattering and is typical for narrowband pumping
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Figure 14. SC evolution in a 50-m piece of SMF980A fiber pumped by NLP with 45-n] pulse energy.
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Figure 15. SC evolution in a 50-m piece of SMF980A fiber pumped by Gaussian pulse with 45-ps duration and 1-kW

peak power.

with moderate powers in the normal-dispersion region [32-35, 44]. As for the shorter mode-

locked Gaussian pump pulse (200 fs), it can generate broadband SC (Figures 13, 16, and 19) of

which the behavior is dependent on relative positions of pump central wavelength and the

ZDW. In the case when spectral difference between them is small, e.g., in the case of the F1060c

tiber, initial spectral broadening caused by self-phase and cross-phase modulations is suffi-

cient for the spectrum to approach the ZDW (Figure 13). Then, further spectral evolution is

described by soliton fission, which is typical for SCG by ultra-short pulse [19]. We should
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Figure 17. SC evolution in a 10-m piece of UHNAS3 fiber pumped by NLP with 21-nJ pulse energy.

mention that efficient femtosecond pulse pumping requires significant peak power (hundreds
of kWs) especially in the cases when ZDW is shifted to the longer wavelength region. Our
simulations show that, for SMF980A and UHNAS3 fibers, where the ZDWs are equal 1570 and
1900 nm, respectively, we may not be able to extend the SC to the anomalous dispersion region
(Figures 16-19). Also, 200-fs-wide Gaussian pump pulses excite SC in first tens of centimeters
of the SMF (see inset in Figures 16-19). Afterwards, its spectrum does not change.

It is interesting to note that NLPs, in comparison to mode-locked Gaussian pulses of similar
waveform durations, exhibit the spectral broadening mainly in the longer wavelength (relative
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Figure 18. SC evolution in a 10-m piece of UHNA3 fiber pumped by Gaussian pulse with 45-ps duration and 450-W
peak power.

Distance (m)

10

9

Distance (m)

003
D

0 600 1000 1200 1400

800

1000 1200

Wavelength (nm)

1400

1600

Distance (m)

10

0

300 -200  -100 0 100 200 300
Delay (ps)

Figure 19. SC evolution in a 10-m piece of UHNAS3 fiber pumped by Gaussian pulse with 200-fs duration and 100-kW
peak power.

to the pump wavelength) region (Figures 11, 14, and 17). In the case of the UHNAS3 fiber, the

distinctive Raman orders can be found in SCG evolution spectrum (Figure 17). The broader

Stokes lines and much smoother SC spectrum can be explained by broadband pumping [37],
which is the feature of NLP [19]. For the two other fibers (F1060c and SMF980A), simulations
suggest that even smoother SC spectra are expected to be generated. This may result from

reduced Germanium concentration of their fiber core compared with that of the UHNAS3 fiber.
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That results in reduced phonon damping times (Table 3) and the suppression of the contribu-
tion of the Raman term in the full nonlinear response function (Eq. (4)). It is notable that pulse
energy of our NLP, ~90 n]J, is sufficient to generate SC that approaches the ZDW in the case of
the F1060c fiber (Figure 11). In comparison, a mode-locked pulse of a similar duration and
energy can generate only one Stokes line (Figure 12). To reach a similar SC bandwidth,
however, the evolution of NLP-excited SC takes longer distance in the fiber.

Recently, it has been theoretically predicted that Raman-induced spectral shift, which may
happen in the normal dispersion region, is responsible for asymmetry of spectral broadening
[45]. The distinctive Raman orders in Figures 12, 15, and 18 for MLPs suggested that multiple
Raman processes, i.e., cascaded Raman scattering, could be responsible for initial spectral
broadening for NLP pumped SMF. Therefore, we have tentatively attributed our calculated
behavior of the broadband SC emission to Raman amplification of noise in the SMF [19]. Later
on, after the SC spectrum approaching ZDW, further SCG process becomes soliton fission like.

First, we spliced F1060c fiber directly to the output of amplifier. Since the mode-field diameters
of spliced fibers were not too much different, the splice loss was low (<0.5 dB). We measured
a series of SCG spectra with the F1060c pumped at different powers (Figure 20(a)). The
simulated SCG spectrum at an input power of 1500 mW in Figure 20(b) agrees quite well with
our experimental observations.

simulation | |
experiment

intensity (dB)
Spectral Intensity (dB)

T L) L L T L T : i i i 1 1
1000 1100 1200 1300 1400 1500 1600 o0 1100 7200 7300 7400 1500 1600
Wavelength (nm) Wavelength (nm)

Figure 20. (a) The experimental spectra of SCG in F1060c fiber at different input powers. (b) The comparison between
experimental and simulated spectra of SCG in F1060c fiber at 1500-mW input power.

Then, we examined SCG in the SMF980A fiber, which has smaller core diameter (Table 2).
Owing to a large difference in mode areas, we used a short piece (~20 cm) of Newport F-SV
fiber in between the connecting fibers. Hence, the total splice loss between the active fiber in
the amplifier and SMF980A was ~1.5 dB. Similar to the previous case, we measured a series of
SCG spectra at different pump powers (Figure 21(a)). The simulated SCG spectrum at an input
power of 1600 mW (Figure 21(b)) again shows good agreement with experimental measure-
ment. These two simulations and experimental results (for F1060c and SMF980A fibers)
indicate smooth spectra of SC generated this way.
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Figure 21. (a) The experimental spectra of SCG in SMF980A fiber at different input powers. (b) The comparison be-
tween experimental and simulated spectra of SCG in SMF980A fiber at 1600 mW input power.
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Figure 22. (a) The experimental spectra of SCG in UHNAS fiber at different input powers. (b) The comparison between
experimental and simulated spectra of SCG in UHNAS3 fiber at 500 mW input power.

We also studied SCG by the UHNAS fiber using our NLPs. The total splice loss was ~3 dB. The
spectra of SCG generated in this fiber at different input powers are plotted in Figure 22(a).
Spectral oscillators and broadened bandwidth in the SCG spectrum are evident and in good
agreement with the simulated results (Figure 22(b)).

Examining Figures 20-22, we find that SCG spectra are different for the three types of fiber
used and pumping conditions. Obviously, in order to get larger spectral broadening using
SMFs with relatively small nonlinear coefficients, relatively longer fiber length is required (50
m for F1060c and SMF980A). Herein, the fiber with a larger nonlinear coefficient provides more
broadband response (~260 nm vs. ~160 nm width at —10 dB level and ~1.5 W input power for
SMF980A and F1060c, respectively) (Figures 20(a) and 21(a)). Applying UHNAS3 fiber with
high nonlinearity (y = 52.3 W™ km™) allows achieving significant spectral broadening (~440
nm at —10 dB level) with a shortened fiber length (10 m) and reduced input average power
(~800 mW) of NLP. But we should mention that the shape of SCG spectra (Figure 22(a))
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becomes modulated. The simulation results also indicate such behavior related with cascaded
Raman scattering. We believe that such behavior can be explained by significantly increased
doping concentration of germanium in UHNAS3 fiber (~20 mol.%). This results not only in
nonlinearity enhancement [45] but also in modification of Raman response function [43]. It is
known that Raman gain in Germatate glass is much stronger than that in silica glass. As a
result, the damping time of delayed Raman response in highly doped germanium fiber is
longer (Table 3), which causes spectral oscillations.

In summary, we have reported a study of SCG with a scheme that uses a SMF pumped in the
normal dispersion regime (~1 um) by NLPs from a dispersion-mapped fiber laser. We showed
SCG results using different SMFs and demonstrated that using a higher doping concentration
of Germanium (~20 mol.%) in SMF results in the enhancement of optical fiber nonlinearity,
reducing SCG threshold, and change in the Raman response function. The last one is found to
be responsible for the appearance of oscillations in the SC spectrum. The achieved SC exhibits
low threshold (21 nJ) and a broadband spectrum over 1030-1470 nm with a relatively short
tiber length (10 m).

We believe that the achieved low energy threshold and flat SC spectrum are caused by unique
properties of NLP (broadband spectral range and ability to propagate over a long distance).
Higher level of spectral oscillation is caused by higher Raman gain in germanium doped fiber,
which results in increasing the damping time of Raman response function.

Naturally, it is possible to use NLPs from the ANDIi laser for SCG. Examples of such studies
will be described in Sec. 4 of this chapter.

4. Applications for OCT

OCT is a technique of optical imaging that is extensively used in biomedical and clinical
studies. The first OCT images were demonstrated by Huang et al. [46]. The authors confirmed
that OCT is superior for obtaining images in highly scattering media. In 1993, the first in vivo
OCT images were obtained by Fercher [47] and Swanson [48]. Thereafter, OCT technology
advanced rapidly and was readily accepted for use in ophthalmology. In 1996, the first
commercial ophthalmic OCT instrument by Carl Zeiss Meditec made its appearance [49].
Another significant milestone is the spectral-domain interferometric technique proposed
theoretically in 1995 by Fercher et al. [50]. Soon afterwards, Wojtkowski showed that the
technique was workable by imaging the retina [51]. Comparative studies of TD-OCT and SD-
OCT were first reported by De Boer [52] and Leitgeb [53].

OCTs typically employ near-infrared light in order to achieve deep penetration in biological
samples or scattering media. The axial resolution of an OCT is determined by the width of the
tield autocorrelation function, or the inverse of the spectral bandwidth of the light source.
Thus, a broadband light source is required for ultra-high-resolution OCT.

Superluminescent diode (SLD), amplified spontaneous emission (ASE), and SC sources have
been widely used as the light source for OCT systems. OCTs with SLDs typically have an axial
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resolution of 10-15 pum, due to the limited gain bandwidth (~100 nm or less). The bandwidth
of ASE sources is also around several tens of nanometers. Thus, ultra-high-resolution OCT
typically employs SC sources. In 2001, Hartl ef al. reported the first OCT system based on SC
generated with a PCF pumped by a femtosecond Ti: sapphire laser [54]. They achieved an axial
resolution of ~2.5 um for OCT imaging using the 370-nm-wide broadband source.

In addition, the operation wavelengths for OCT are also critical. For applications of OCTs in
ophthalmology, light sources with central wavelength around 800 nm are widely used. As a
result of the relatively short wavelength, ultra-high-resolution OCT can be easily obtained.
However, a longer wavelength is desirable for increasing the penetration depth of the OCT.
Ultra-high-resolution OCT in bio-tissue has been demonstrated with the SC source at the
central wavelength of approximately 1, 1.3, 1.5, and 1.7 um [55-57]. Water exhibits a broad
absorption peak at 1.5 um. Since biological materials are water rich, 1.5-um light sources,
highly developed for the optical communication industry, are not so suitable for OCT. In
vivo OCT imaging in bio-tissues is thus typically performed at 1300 nm to take advantage of
reduced scattering and enhanced penetration depth.

Moreover, for imaging of the cornea and anterior segment of the eye, OCT operated at 1300
nm has important potential advantages for glaucoma evaluation and refractive surgery [58].
The window around 1300 nm is particularly well suited for evaluation in detail of the response
of the angle structures to light accommodation, which is an important part of the glaucoma
workup.

Using rare-earth-doped fiber lasers, especially Yb-doped fiber lasers operating at high pulse
energy with ultrashort pulse width (from tens to hundreds of femtoseconds) as the pump laser,
new SC sources with a broad spectral bandwidth and high output power were reported by
several groups [23-25]. Typically, PCF or highly nonlinear fiber is employed to generate SC in
these schemes. The former approach provides higher nonlinearity and allows one to blue-shift
the zero-dispersion wavelength [19].

Later, our group and others demonstrated [38, 39] that amplified NLPs could be successfully
used for SCG through standard SMFs. NLPs [5, 9, 10, 59-62] exhibit attractive features such as
a very smooth and broadband spectrum, a double-scaled autocorrelation trace with a sub-
picosecond peak riding, and a wide sub-nanosecond pedestal, suggesting their low temporal
coherence. It is conceivable that a SC source based on NLPs is potentially attractive for
applications based on low-coherence interferometry such as OCT. In this work, we report for
the OCT imaging with a new and improved SC source pumped by NLPs from a compact ANDi
Yb-doped fiber laser.

NLPs from the ANDi Yb-doped fiber laser with an average power of 200 mW (pulse energy
of 62.5 nJ) are first amplified through an Yb-doped fiber amplifier. The amplified NLPs are
then used to excite the SC in a 50-m length of the standard SMF. At a pump power of 4.5 W,
we are able to generate a flat SC spectrum at the central wavelength of 1320 nm with a spectral
bandwidth of up to 420 nm (in 3-dB bandwidth), as shown in Figure 23. The average output
power reaches up to 560 mW (pulse energy of 175 nJ).
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Figure 23. The SC spectra generated by an all-normal dispersion fiber laser system.

4.1. Time-domain OCT

To test whether our SC source is applicable to ultra-high-resolution OCT, we set up a simple
OCT system. The system setup is similar to the Michelson interferometer as shown in Figure
24(a). There is a movable mirror in the reference arm, which directly reflects the light and
changes the relative optical path length compared with the sample arm. Finally, the detector
will receive the reflected light from two arms. At the sample arm, we assume the sample to
have an inner structure with many layers, i.e., different refractive index variations, so the light
will reflect back to the beam splitter and then be focused to the photodetector by focusing lens
with different time delays. Using a pulse as the light source, we can observe the interferogram
by oscilloscope. The interferogram provides the information about the position of the interface
of the sample by different time delays corresponding to different positions of amovable mirror.
The measured results can be understood from Figure 24(b).

4.2. Spectral-domain OCT

The spectral-domain approach for detection of OCT images is also referred to as the Fourier-
domain OCT. The schematic of a spectral-domain OCT in shown in Figure 25(a) [49]. It can be
immediately recognized that the movable mirror in TD-OCT is replaced by a stationary one.
The photodetector is replaced by the spectrometer. The interferogram will be spectrally
modulated and the wavelength dependence can be measured using a spectrometer (Figure
25(b)). We note that the optical path length mismatch AL must not be equal to zero during
detection.
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Figure 24. (a) The interferometer within an OCT system, and (b) the interferogram from an OCT system in time do-
main detection.
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Figure 25. (a) The interferometer within an OCT system, and (b) the interferogram from an OCT system in spectral-/
Fourier-domain detection.

4.3. OCT performance

Coherence length is a critical parameter for the OCT light source. The coherence length can be
defined as the maximum path difference between reference and sample arms for which signals
from both arm can interfere with each other. The coherence length of a source is related to the
axial resolution of the OCT through

A A
lC :21_n2_0z0.44_0 5)
T AL AL

where AA is the 3 dB bandwidth of optical spectrum and A, is the central wavelength.

In this experiment, the SC light source generated an output power of around 345 mW, which
is much higher than that of typical SC sources. With the SC source operated at a bandwidth
of 365 nm center around 1320 nm, the theoretical axial resolution of the instrument is estimated
tobe ~2.1 um. Figure 26(a) shows A-scan result of the TD-OCT. This corresponds to a measured
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axial resolution of ~2.3 um (Figure 26(b)). In spite of the ultra-high axial resolution provided
by the TD-OCT, its signal-to-noise ratio (SNR) was only 12.5 dB. SD-OCT, on other hand,
provides much better SNR and stability and quick scanning speed. Figure 27(a) shows the
point-spread function (PSF) of the SD-OCT. An axial resolution of ~2.8 um was achieved. In
Figure 27(b), we show the PSFs of a free-space SD-OCT obtained at different depths. The data
indicate that the system can provide OCT images at a depth of ~800 pum.
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Figure 26. (a) A-scan result of the TD-OCT and (b) PSF.
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Figure 27. (a) PSF of SD-OCT and (b) PSFs at different depths.

Comparing with the free-space OCT, the fiber-based OCT is more compact and stable. Thus,
results for the fiber-based spectral domain OCT system are also presented herein. Configura-
tion of the fiber-based SD-OCT is shown schematically in Figure 28. The SC source was sent
into a fiber coupler where it had a splitting ratio of 1:99. After the first fiber coupler, two optical
fiber circulators are used in each arm. One arm serves as the reference, while the other arm
delivers the signal to the sample. Afterwards, reflected light from the reference mirror and the
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sample combine together using a second fiber coupler with a splitting ratio of 1:1. Finally, the
interference signal is detected using an optical spectrum analyzer.

Our broadband SC source can achieve an ultra-high-resolution of ~ 2 um. That of the all-fiber
SD-OCT is limited, however, by the optical bandwidth of fiber components of the OCT system,
such as optical circulators and optical couplers designed for the central wavelength of 1310
nm. Owing to that limitation, the effective spectral bandwidth for the fiber OCT system was
only 102 nm. Therefore, the theoretical axial resolution of our all-fiber SD-OCT is ~5.3 um.
Figure 29(a) shows the PSF with and without dispersion compensation. The resolutions are
18.6 and 6.4 um, respectively. It is apparent that the resolution is improved by dispersion
compensation. Figure 29(b) shows the A-scan results obtained at different depths. The data
were processed by applying the inverse Fourier transform to the measured interferograms.
Our results indicate that the scanning depth can reach 1 mm. The SNR also improved signif-
icantly, reaching as high as 126.7 dB.
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Figure 28. The schematic of SD-OCT system. PC, polarization controller; OSA, optical spectrum analyzer.
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Figure 29. (a) The PSF with and without dispersion compensation. (b) A-scans at different depths.
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4.4. OCT images

The surface tomography of a part of the one-dollar (new Taiwan dollar) coin is shown in Figure
30. In this case, the wavelength range of the source was ~45 nm, and the axial resolution was
experimentally determined to be <17 um. The OCT resolution is sufficient to get a clear image
of the Chinese character, meaning “middle”. The scanning step was 50 um.
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Figure 30. Image of a Chinese character “” on the coin of new Taiwan dollar.
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Figure 31. (a) SD-OCT image of an onion skin using a NLP laser. (b) SS-OCT image using a commercial swept source

made by Santec. The scale bars represent 200 pum.
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Figure 31 shows the OCT images of a layer of peeled onion skin using different light sources.
Figure 31(a) is an image obtained with the fiber-based SD-OCT system using our noise-like SC
light source, for which spectral bandwidth was limited by the fiber components as 108 nm.
For comparison, Figure 31(b) is the OCT image obtained using the swept-source OCT (SS-OCT)
system with a commercial swept source by Santec. The 2-D depth profile of the onion skin is
obtained using both light sources. Several cell walls on onion skin can be easily identified. The
best OCT images of the onion cell were obtained when we applied noise-like SC as a scan light
source. The result of Figure 31(a) is the original image without dispersion compensation. This
showed that higher image quality can be achieved through further data processing.

5. Summary

In this chapter, we describe our work on generation and amplification of medium- and high-
energy NLPs with Yb-doped fiber laser systems. In the dispersion-mapped fiber laser system,
the central wavelength and spectral bandwidth can be tuned. The tuning range was 33 nm and
the bandwidth can be varied from 6 to 54 nm. Stable NLPs can be generated with output power
from 0.1 to 1.6 W, limited by damage of the optical fiber components used. Pulse energy as
high as 1. 25 pJ can be generated directly from the laser oscillator with a repetition rate of ~1
MHz. On the other hand, the ANDi noise-like fiber laser is more compact and can generate
broadband NLPs with a bandwidth as high as ~80 nm. We also demonstrate SCG pumped by
NLPs in easily available single-mode optical fibers. SC with a flat spectrum can be generated
over 420 nm in 3-dB bandwidth, centered around 1.3 pm. Such broad spectrum arises from
cascaded stimulated Raman scattering and self-phase modulation in the optical fibers. SMFs
with high nonlinearity can be used to generate even broader spectra. Significant modulations
due to the nonlinear effects rendered such sources unsuitable OCT. Experimental results are
in good agreement with theoretical analysis and numerical simulation results. SC pumped by
NLPs has been employed successfully in OCT systems. An ultra-high axial resolution of 2.3
pum was demonstrated. High-resolution fiber-based spectral domain OCT is also demonstrat-
ed. Scanned images show that a SC source pumped by NLPs is a viable alternative to SLD and
SC pumped by femtosecond lasers as the broadband light source for applications such as OCT.
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