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The higher-order-mode (HOM) fiber has recently received great attention due
to its special optical properties. The most significant one is its capability of
propagating different modes, which is now being utilized to increase data transmission
capacity in telecommunication through mode-division multiplexing. Furthermore, the
LPo, mode of the fiber can be designed to provide dispersion characteristics
dramatically different from conventional step-index single-mode fibers (SMFs), such
as anomalous dispersion below 1300 nm. This feature has also been widely utilized in
a number of applications, including dispersion compensation, high energy pulse-
delivery, and nonlinear wavelength conversion. In all the existing applications of the
HOM fibers, however, coupling between different guided modes is not desirable, and
thus avoided. In order to minimize mode coupling induced by waveguide perturbation,
HOM fibers are designed such that the modes have very different effective refractive
indices (nerr) at the wavelengths of operation. Consequently, optical effects involve
multiple modes, especially multimode nonlinear effects, in the HOM fiber have rarely
been explored.

This work focuses on the nonlinear wavelength conversion effects in HOM

fibers, including soliton self-frequency shift (SSFS), Cerenkov radiation, and four-



wave mixing (FWM), in both single-mode and multimode schemes. We
experimentally demonstrate four nonlinear effects with HOM fibers: 1) SSFS below
800 nm and efficient Cerenkov radiation in the vicinity of 850 nm; 2) high-energy
soliton generation at 1080 nm; 3) Intermodal FWM in an all-fiber laser system; 4)
Intermodal Cerenkov radiation. In addition, we have developed a convenient
dispersion measurement technique specifically tailored for HOM fiber. The results of
these experimental demonstrations may lead to potential applications in both

biomedical imaging and telecommunication.
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CHAPTER 1

INTRODUCTION
1.1 Higher-order-mode Fiber

The development of fiber optics is a significant scientific innovation [1], which
enables various applications in telecommunications, light generation, sensing,
medicine, etc. Many extensively-used technologies, such as wavelength—division
multiplexing (WDM), erbium-doped fiber amplifier (EDFA) are developed to
facilitate the application of fiber optics, especially in telecommunication.

A conventional optical fiber is a thin strand of glass, which consists of a core
with higher refractive index and a surrounding clad with lower index. The core-clad
structure functions as an optical waveguide. Similar to the concept of eigenstate in
quantum mechanics, light transmitting in the waveguide can propagate with different
states, known as modes. The most commonly-used fiber in telecommunication is
single-mode fiber (SMF), which only propagates the fundamental eigenstate (i.e., LPo1
mode). Higher-order-mode fibers, also known as few-mode fibers, are more elaborate
fiber devices which can propagate a few modes simultaneously without mode-
coupling [2]. The HOM fibers studied in this dissertation support three higher-order-
modes (i.e., LPo; mode, LP1; mode, LP,; mode) besides the fundamental mode. These
four modes have different spatial power distribution. Thus, in the HOM fiber with
appropriately designed refractive index profile, each mode has a different power-
weighted average refractive index, which is typically referred as the effective

refractive index (nes). As each mode has its own spatial distribution and neg, they



possess very different propagation characteristics in the fiber, such as dispersion (i.e.
the dependence of light’s group velocity on its wavelength) and effective area (i.e. the
power-weighted area of the mode).

As HOMs can provide different dispersion from fundamental mode, the LPg;
mode has been utilized in HOM fibers to achieve anomalous dispersion at
wavelengths below 1.3 pm, which is impossible for the fundamental mode in a solid-
core step-index SMF [2]. Enabled by this dispersion characteristic, many interesting
nonlinear optical phenomena have been demonstrated in HOM fibers, such as soliton

self-frequency shift and Cerenkov radiation [3-5].

1.2 Nonlinear optical effects in higher-order-mode fiber

The interaction of light with HOM fibers include linear effects such as
dispersion, as well as nonlinear effects such as self-phase modulation, stimulated
Raman and Brillouin scattering. These effects, although often considered detrimental
to signal transmission in telecommunication, can give rise to many interesting
nonlinear optical phenomena, and enable novel light sources based on these
phenomena. In this dissertation, we mainly study the nonlinear optical phenomena in
HOM fibers arise from the interplay of dispersion, self-phase modulation, and
stimulated Raman scattering. The balance between anomalous dispersion and self-
phase modulation in an optical fiber allows the generation of an optical soliton, a pulse
that maintains its spectral and temporal shape during the propagation [6]. After the
formation, the soliton will continuously shift to longer wavelength, due to the

stimulated Raman scattering effect [7]. As the soliton red-shifts towards the zero



dispersion wavelength (ZDW), where the fiber transitions from anomalous dispersion
to normal dispersion, it generates a phase-matched dispersion wave in the normal
dispersion regime, known as the Cerenkov radiation [8]. Besides soliton generation,
soliton self-frequency shift, and Cerenkov radiation, we also study two newly-
discovered intermodal nonlinear phenomena in a HOM fiber, intermodal Cerenkov
radiation and intermodal four-wave mixing (FWM), in this dissertation. These two
phenomena are induced by the same nonlinear optical effects. However, the nonlinear
phase-matching condition of the two phenomena is fulfilled with multiple modes of
the HOM fiber.

This introduction chapter outlines our primary research results on these single-
mode or multimode nonlinear phenomena in the HOM fiber. In Chapter 2, | present
our effort to generate Cerenkov radiation in HOM fiber at a wavelength of 850 nm. In
Chapter 3, we briefly summarize our effort to achieve high-energy soliton using a new
HOM fiber design. In Chapter 4, we demonstrated intermodal FWM in an all-fiber
system with a HOM fiber. In Chapter 5, a novel optical phenomenon, intermodal
Cerenkov radiation, is demonstrated in a HOM fiber. We report our theoretical
analysis along with results from experimental measurements. In Chapter 6, we
summarize a separate but relevant work to measure the dispersion and modal delay of
multiple modes in a HOM fiber using a time-domain technique. Each chapter

correlates to a paper that is either published or will be published.
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CHAPTER 2

CERENKOV RADIATION AT 850 NM IN HIGHER-ORDER-MODE FIBER

2.1 Introduction

Soliton self-frequency shift (SSFS) and Cerenkov radiation in optical fibers
have been theoretically studied [1, 2], and experimentally demonstrated in a variety of
fibers in the past [3-10]. It has been shown that a soliton formed in the anomalous
dispersion regime can continuously red-shift its central wavelength through the
stimulated Raman scattering process. In the case of fibers transitioning to normal
dispersion at longer wavelength, SSFS is limited by the second (i.e., at the long
wavelength side) zero dispersion wavelength (ZDW). As the frequency-shifted soliton
approaches the second ZDW, a phase-matched, red-shifted dispersive wave in the
normal dispersion regime, known as Cerenkov radiation, will be emitted by the soliton.
The phase-matching condition required for Cerenkov radiation can also be met by the
input pulse in the anomalous dispersion regime and a blue-shifted dispersive wave at a
wavelength shorter than the first ZDW [9, 11, 12]. As photonic crystal fibers (PCFs)
can provide anomalous dispersion in different wavelength regimes, both SSFS and
Cerenkov radiation have been previously explored in PCFs at various wavelengths [5,
7, 8,9, 12]. A number of applications have also been demonstrated using these PCF-
based wavelength conversion effects [4, 8, 9].

By propagating light in the LP0O2 mode, all solid silica-based higher-order-

mode (HOM) fibers can be designed to have dispersion characteristics dramatically



different from conventional step-index single-mode fibers (SMFs) [13, 14]. HOM
fibers have been engineered to have anomalous dispersion below 1300 nm which was
previously possible only with PCFs [15]. This allows HOM fibers to generate SSFS
between 1064 nm and 1300 nm [15, 16] and red-shifted Cerenkov radiation generation
at 1350 nm [17]. Compared to PCFs, including both index-guided silica-core PCFs
and air-core photonic bandgap fibers (PBGFs), HOM fibers are able to generate
frequency-shifted solitons and red-shifted Cerenkov radiation at different energy
levels [15]. For index-guided silica-core PCFs, the achievable pulse energy of soliton
and Cerenkov radiation is restricted by its high nonlinearity, as silica-core PCFs
require a small core size to achieve sufficient anomalous dispersion. Approximating
these PCF structures by a silica rod surrounded by air, it has been calculated that the
maximum core diameter of PCFs is limited to 2.3 pm to obtain anomalous dispersion
below 800 nm [18, 19]. This translates to a core size of 4.15 pm? and an effective
mode area (Aeff) of approximately 2 pm?. To have the second ZDW at 800 nm for the
generation of red-shifted Cerenkov radiation at 850 nm, the maximum core diameter is
further limited to less than 800 nm, corresponding to an Aeff of 0.5 pm? [20]. The core
size of an actual silica-core PCF exhibiting the same dispersion characteristics would
be even smaller. As a result, the pulse energy obtainable in cleanly frequency-shifted
solitons in silica-core PCFs is limited to small fractions of a nanojoule [3-8], and the
red-shifted Cerenkov radiation in silica—core PCFs demonstrated in previous
experiments is below 100 pJ [7, 21]. On the other hand, the pulse energy for solitons
in an air-core photonic bandgap fiber (PBGF) is on the order of 100 nJ due to the low

nonlinearity of air in the PBGF [22]. The nonlinearity values of HOM fibers lie in-



between silica-core PCF and air-core PBGF as they propagate light in a solid silica
core but with a significantly larger A than that of silica-core PCFs. Thus, the HOM
fiber is able to generate soliton and red-shifted Cerenkov radiation with pulse energy
on the order of 1 nJ [16, 17]. Therefore, the HOM fiber is a valuable platform of
nonlinear wavelength conversion with pulse energies in-between index-guided silica-
core PCFs and air-core PBGFs.

Nonlinear wavelength conversion at or below 850 nm has also been achieved
through blue-shifted Cerenkov radiation at a wavelength shorter than the first ZDW [9,
12, 23]. In this case, the required anomalous dispersion regime is shifted to longer
wavelengths, reducing the core-size constraints described in the previous paragraph.
However, the demonstrated pulse energies in PCFs are still below 100 pJ [9, 12].
Similar blue-shifted Cerenkov radiation with approximately 0.4 nJ pulse energy and
5% conversion efficiency has been generated using highly nonlinear germanosilicate
bulk fiber [23]. However, both the pulse energy and the conversion efficiency are
significantly lower than red-shifted Cerenkov radiation in HOM fibers. In this paper,
we characterize a novel HOM fiber module with a large anomalous dispersion of 120
ps/km/nm and a large Aes of 15 pm? at 772 nm (approximately 5 times larger than the
A Of silica-core PCFs designed to have anomalous dispersion below 800 nm). We
demonstrate red-shifted Cerenkov radiation generation at 850 nm with 3 nJ pulse
energy and up to 60% power conversion efficiency from the input light source (66%

photon conversion efficiency) in this module.



2.2 Experimental methods

The experimental setup is shown in Fig. 1(a). An 80 MHz mode-locked
Ti:Sapphire laser is used as the input source. The initial pulse launched into the HOM
fiber module is centered at 772 nm and has a spectral bandwidth (full width at half
maximum, FWHM) of 8 nm. The HOM fiber module consists of a 1.3 m SMF
(ClearLite 780-11, OFS), a long period grating (LPG) to convert light from the
fundamental mode (LPy;) to the LPy, mode with more than 99% efficiency between
762 nm and 778 nm, and 5.3 m HOM fiber (FemtoComp 800, OFS). The LPy, mode
of the HOM fiber has anomalous dispersion between 690 nm and 810 nm [Fig. 1(b)].
The Aer of the LPo; mode is between 10 and 15 um?[Fig. 1(c)] in the vicinity of the
input wavelength. The input power to the HOM fiber module can be tuned without
changing the input polarization by a variable optical attenuator (VOA), which consists
of a half-wave-plate and a polarizer. The input pulse is broadened to 300 fs by
dispersion in the optical isolator. It is then further broadened to 2 ps by a glass rod to
reduce the effects of spectral broadening from self-phase modulation in the SMF
pigtail and to protect the LPG from nonlinear photodamage. The output pulse is
characterized with an optical spectrum analyzer after collimation. A long pass filter
with a cutoff wavelength at 810 nm is used to separate the Cerenkov radiation from
the residue input. The pulse energy of the Cerenkov radiation is measured, taking into
account the transmission of the long pass filter. The filtered Cerenkov radiation is

temporally characterized by a second-order autocorrelator.
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2.3. Simulated and Experimental results

The fiber propagation process is numerically modeled using the generalized
nonlinear Schrd&linger equation [24, 25]. The laser source is modeled as a hyperbolic
secant pulse with 90 fs FWHM. The pulse is broadened to 2 ps by normal dispersion
before entering the HOM fiber module. For propagation in the HOM fiber, our
simulation incorporates the contribution of dispersion, self-phase modulation,
stimulated Raman scattering, self-steepening, wavelength dependent Acs, and other
high order nonlinear effects. The nonlinear refractive index used in the simulation is
n,=2.0x10"2° m*W. The dispersion coefficients (up to 14" order) and Aes values are
obtained by directly fitting the dispersion and At curves shown in Figs. 1(b) and 1(c).

The Raman response function is written as

RO = (- )50+ f, 402 exp(—f)sin(})@(t» 1)

17

where fr = 0.18 is the fractional contribution of the delayed Raman response,
11 = 12.2 fs, 15 = 32 fs, O(t) is the Heaviside step function, and d(t) is the Dirac delta
function [25].

We systematically characterize the output spectra at different input pulse
energies (from 0.15 nJ to 5 nJ) to show the effects of nonlinear pulse propagation.
Spectra measured at 0.2 nm resolution with different input pulse energies are shown in
Fig. 2(a). At 0.15 nJ input pulse energy (Fig. 2), a 777 nm frequency-shifted soliton is
observed with a pulse energy greater than 0.1 nJ. At higher input pulse energies, the
soliton can be further red-shifted, and its wavelength is eventually “locked” at 795 nm

at 0.3 nJ input pulse energy (Fig. 2), due to the balance of SSFS and the spectral recoil

10



from the generation of the Cerenkov radiation. Multiple solitons with spectral overlap
are generated at higher input energies. The spectral beating produced by multiple
solitons is clearly observable in the spectrum taken at 0.42 nJ input pulse energy (Fig.
2). The measured Cerenkov pulse energy as a function of input pulse energy is shown
in Fig. 3. The onset of Cerenkov radiation occurs at approximately 0.22 nJ input pulse
energy. A threshold behavior (between input energies of 0.22 nJ and 0.25 nJ) and a
plateau behavior (between input energies of 0.25 nJ and 0.4 nJ) are observed at the
initial stage of the generation of the Cerenkov radiation, which are consistent with
previous observations in PCFs and HOM fibers at other wavelengths [7, 17]. The
Cerenkov energy rapidly increases again at 0.4 nJ, indicating the onset of the
Cerenkov radiation generated by the second frequency-shifted soliton. These

behaviors are all identified in Fig. 3.
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To compare with the experimental data, Fig. 2(b) and the dashed line in Fig. 3
show the simulated traces generated using our numerical modeling program.
Simulation results are able to match the spectral features and the pulse energies of
Cerenkov radiation at input energies from 0.15 nJ to 1 nJ. The simulated spectra at
high input energies show many pronounced fine substructures which are extremely
sensitive to small changes of the input energy. These fine spectral features were not
observed in our experiments. We believe this discrepancy is due in part to the fact that
the measured spectra are averaged over many laser pulses at slightly different pulse
energies. Similar phenomenon was also theoretically predicted and experimentally
observed in previous works on supercontinuum generation [26]. Other discrepancies
between the simulated and experimental results are potentially caused by the
inaccuracy of the calculated dispersion and A curves. Note that at high input
energies, simulation also shows 5-10% higher conversion efficiency of the Cerenkov
radiation and lower levels of the residue input than the experimental results. This
difference might be attributed to the omission of the vectorial nature of the pulse
propagation in the HOM fiber in simulation.

At 5 nJ input pulse energy, Cerenkov radiation with 3 nJ pulse energy and 50
nm spectral bandwidth, which translates to a spectral density of 4.8 mW/nm at 80
MHz repetition rate, can be generated without exhibiting super-continuum-like
spectral features. The measured and simulated second-order intensity autocorrelation
trace of the Cerenkov radiation at 5 nJ input pulse energy is shown in Fig. 4. The
measured and simulated traces show FWHM values of 10 ps and 12 ps, respectively.

The long pulse duration of the Cerenkov radiation is due to the long propagation

14



distance (6 m), the broad spectral bandwidth (50 nm), and the high dispersion value of
the HOM fiber (100 ps/nm/km). While the Cerenkov energy and its power spectral
density can be further increased by using a more energetic input, the potential photo-
degradation of the LPGs in the HOM fiber modules prevents us from experimenting at

higher input powers.
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2.4. Discussion

Blue-shifted Cerenkov radiation at comparable wavelengths can be generated
using the first ZDW of the waveguide. This approach does not require the fiber to
achieve anomalous dispersion below 850 nm, and thus the core diameter of the
waveguide can exceed 2.3 um. However, high energy input pulse must be launched at
a wavelength much longer than the first ZDW to avoid super-continuum generation,
which significantly limits the energy conversion efficiency [9]. More importantly, red-
shifted Cerenkov radiation has much higher energy conversion efficiency than blue-
shifted Cerenkov radiation because stimulated Raman scattering shifts the pulse
towards the longer wavelength and facilitates the energy conversion to the Cerenkov
radiation. For example, the results reported by G. Krauss et al. for the blue-shifted
Cerenkov radiation at 860 nm have approximately 0.4 nJ pulse energy with an 8 nJ
femtosecond input [23]. The red-shifted Cerenkov radiation reported in our paper has
approximately 3 nJ pulse energy with a 5 nJ input. Both the conversion efficiency and
the absolute pulse energy represent approximately an order of magnitude improvement
over the existing results. These improvements are enabled by the unique propagation
characteristics of the HOM fiber, which allows us to generate red-shifted Cerenkov
radiation in a fiber with a relatively large Aesr.

The demonstrated pulse energy and power spectral density of the red-shifted
Cerenkov radiation in the HOM fiber is also significantly higher than red-shifted
Cerenkov radiation obtainable in PCFs at comparable wavelengths. Because the much
smaller A of the silica-core PCFs (less than 800 nm core diameter for generating the

red-shifted Cerenkov radiation at 850 nm) results in much higher optical nonlinearity,
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supercontinuum could be generated by femtosecond input pulses with 1 nJ pulse
energy, which results in much lower power spectral density of the Cerenkov radiation.
High power spectral density can potentially be achieved in silica-core PCFs with high
power continuous-wave input, but the lack of temporal confinement makes the output
unsuitable for various applications that require short pulses, such as pump-probe
spectroscopy and Coherent Raman Scattering microscopy.

The picosecond Cerenkov radiation generated in the HOM fiber, together with
the residue pump light, provides a convenient, synchronized 2-color picosecond
source with high pulse energies, which is desirable for a variety of practical
applications including pump-probe spectroscopy, modulation transfer microscopy [27],
stimulated emission depletion microscopy (STED) [28], etc. The HOM fiber can also
be readily integrated with a frequency-doubled femtosecond fiber laser at 775 nm to
achieve a fiber-based, picosecond, two-color light source. Although red-shifted CR in
an HOM fiber at 1350 nm has been reported in the past, and it is well-known in theory
that the wavelength of the CR can be engineered by shifting the dispersion curve, it is
challenging to shift the dispersion curve to much shorter wavelengths due to the large
increase of the material dispersion. Our results demonstrate that the concept of CR in
an HOM fiber can be applied to achieve nonlinear frequency conversion at much
shorter wavelengths while maintaining its significant advantages in higher pulse

energy and conversion efficiency.
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2.5. Conclusion

In summary, we demonstrate SSFS below 800 nm and Cerenkov generation at
850 nm in a solid silica-based HOM fiber module. The HOM module generates
significantly more energetic Cerenkov radiation than index-guided silica-core PCFs at
comparable wavelengths. We are able to achieve a 3 nJ Cerenkov radiation pulse
energy, with high power conversion efficiency of 60% and approximately 4.8 mW/nm
spectral density. The HOM fiber module provides a valuable fiber platform for
nonlinear wavelength conversion around 800 nm with pulse energies in-between
index-guided silica-core photonic crystal fibers and air-core photonic bandgap fibers.
This fiber platform can also be tailored to other wavelengths of interest with proper

dispersion engineering.
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CHAPTER 3
HIGH-ENERGY SOLITON GENERATION IN HIGHER-ORDER-MODE FIBER

3.1 Introduction

Soliton self-frequency shift (SFSS), where a femtosecond soliton pulse is excited
in a fiber and shifted by intrapulse Raman amplification towards longer wavelengths,
are often utilized to make wavelength-tunable femtosecond laser[1,2]. This method
naturally requires a fiber with anomalous dispersion to counteract the self-phase
modulation for soliton generation. As the zero dispersion wavelength of silica is at1.3
um and a conventional fiber operated in the fundamental mode will always have
normal waveguide dispersion from the waveguide, it is necessary to use more
elaborate fibers to achieve net anomalous dispersion below 1.3 pum.

Photonic crystal fibers and higher-order-mode (HOM) fibers can be engineered to
achieve anomalous dispersion at wavelength from 0.8 um to 1.3 um [2-10]. These
fibers have distinctive dispersion and nonlinearity, and can be applied to generate
soliton at different energy regimes. The relationship between the parameters of fibers
and the solitons are describeed by the soliton condition.

Ry = |ﬂ% o« |ﬂ2| Ay 1)

Where the peak power and the pulse width of a soliton are given by Pyand Ty. >

is the group velocity dispersion in units of ps?/m, and v is the nonlinear fiber parameter,
— nZWO

A

defined as:
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where n; is the nonlinear refractive effective index, wy is the frequency, A IS
the effective area of the electric field [11].

The energy of the soliton pulse is then given by

Eo=2Po To oc B2/ (To =y) oc B2 Aett/( N2 T0) @)

Consequently, from a fiber design perspective, the significant parameters related to the
energy of the soliton are the D, Ae, and n for fibers. Ae of micro-structured PCF is very
small, typically on the order of 1 um?, and the n, of hollow core PCF (i.e. photonic bandgap
fiber) is extremely low case, approximately 3 orders of magnitude smaller than that of solid
silica. Thus, these two types of PCFs only support soliton with pulse energy at approximately
1Jor0.1nJ. Inbetween these two energy regions are the HOM fibers, which has solid silica
core and much larger effective area than the micro-structured PCF. In the previous studies,
HOM fibers are able to generate soliton with pulse energy of 0.8 nJ at approximately 1064 nm.
Compared with the both types of PCFs, the pulse energy provided by the HOM fiber is closer
to the desired energy level for biomedical imaging applications (i.e., 5-10 nJ). However,
previous studies were not able to generate wavelength-tunable soliton pulse with more than 1
nJ pulse energy. In this work we report upon the result of a new HOM fiber for high energy
soliton generation. The HOM fiber is able to achieve larger anomalous dispersion and
effective area simultaneously, with the B, A« product approximately 6 times as large as the
previous HOM fibers. A frequency-shifted soliton with more than 6 nJ pulse energy can be

generated in the HOM fiber with a high energy femtosecond laser.
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3.2 Theory

According to Eq. (2), the soliton energy can be increased by: (1) increasing the
B2 Aetr product; (2) shortening the pulse width Ty. If the pulse width can be infinitely
reduced, the attainable soliton energy in HOM fibers can be significantly increased
without changing the B, Aef product. In a fiber with anomalous dispersion at all
wavelengths, a high-energy input pulse can be significantly compressed through the
higher-order soliton compression effect, and the temporally-compressed pulse will
shift out from the residual spectrum through the soliton fission effect [11].

Assuming an input pulse energy of Einpucand pulse width of Tingu, @ higher-order
soliton is generated in the fiber with GVD (3, and nonlinearity y. The soliton order N is
defined as (Einput =tinput 7/2[32)1’2. Based on the soliton fission theory, the pulse energy
and the pulse width of the first soliton (i.e. the temporally compressed pulse
mentioned above), Esaiton and Tsoliton, Can be calculated as

Esoliton= Einput (2 N -1) /N? (3)
Tsotiton =2B2/ (¥ Esoliton) 4
When N is much larger than 1, Eq. (4) and (5) can be simplified to

Esoliton = 2Einput/N <= Einputl/2 (3)

Taotiton = N B2/( Einpu) & Einput ™ Tinput 2 4)
As the input pulse energy increases, the soliton energy and the soliton pulse width
should increase and decrease respectively. Thus, in a fiber with anomalous dispersion
at all wavelengths, a high-energy soliton can always be generated regardless of its
dispersion and nonlinearity by using a sufficiently energetic input source. However, it

is not the case in a fiber with limited anomalous dispersion regime. As the input pulse
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energy increases, the spectral bandwidth of the soliton and the residual energy also
increase. To obtain a clean frequency-shifted soliton, the blue edge of the soliton
spectrum needs to be separated from the residual spectrum. On the other hand, the red
edge of the soliton spectrum needs to be much shorter than the zero-dispersion
wavelength (ZDW) to avoid Cerenkov radiation, which takes energy away from the
soliton. As a result, the maximal spectral FWHM soliton is approximately 25 nm for
the fiber reported in ref.1, as shown in figure 1, which leads to around 50 fs minimal

temporal pulse width.
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Fig. 1. The available for spectral window for soliton in a HOM fiber with ZDW
approximately at 1250 nm.
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3.3 Experimental results and conclusion

The temporal pulse width of the soliton cannot be infinitely reduced for high-
energy soliton generation, and thus, to increase the soliton energy, it is a matter of
designing a fiber, with a very large B, Aetr product for the mode in which the soliton
propagates. In this work, we focus on the LPy; mode in HOM fiber. In order to

enhance the waveguide dispersion of the LP,, mode, the fiber has a triple clad design.

The parameter space of the design of the HOM fiber has been thoroughly investigated
by running numerous computations of different configurations to find the optimum
design for the highest soliton energy. The optimized design is a comprise of soliton
energy and the wavelength range for SSFS. As we increase the peak value of the B,, a
mode crossing between the LPy, mode and LP;; mode moves closer to the peak, which
is undesirable for a stable operation. Any imperfection in the fabrication process will
result in a fiber without perfect cylindrical symmetry, and therefore any mode-
crossing could create a strong coupling between the two modes. The mode-crossing
limits the wavelength range in which the soliton can be formed and shifted without
any significant loss. As a compromise between soliton energy and stability, our
optimized design has a mode-crossing between the LP, and LP;; modes at around
1120 nm. Fig. 2 shows the effective index as a function of the wavelength for the
lowest four propagating LP modes. In this particular design, we are able to achieve
anomalous dispersion of 150 ps/(nm km) and an effective area of 100 um? at 1070 nm
[12], compared to anomalous dispersion of 50 ps/(nm km) and an effective area of 40
um? in our previous designs. The group velocity dispersion D and effective area of the

LPo, mode are shown in fig. 3. Fig. 2 and 3 demonstrate that the mode-crossing
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wavelength is very close to the wavelength at the peak of the dispersion curve. To best
utilize the wavelength regime with high B, Aetr product, the left hand side of
dispersion curve should be used for the soliton shift. In this optimization process we
have focused on the LPy, mode, however, other HOM can also be utilized. In
generaral, the process becomes more complex because more mode-crossing will be
involved.

We have fabricated a HOM fiber according to the design shown in Fig. 3. Fig. 4
shows the measured spectrum after 25 cm of the optimized HOM fiber, where the
input source is an IMRA FCPA pJewel system at a wavelength of 1045 nm. The
FWHM pulse duration of the input pulse is approximately 600 fs and the input pulse
energy into the fiber is 23 nJ. Because the fiber is a HOM fiber and the pulse is

coupled in from free space, only a fraction of the pulse energy is coupled into the LP,
mode. Nonetheless, the LP, mode is the only propagating mode with anomalous

dispersion and therefore the only mode that can support a soliton pulse and the
subsequent SFSS. Fig. 4 shows the soliton has red-shifted to a center wavelength of
1085nm. The energy of the soliton is measured by recording the total power out of the
fiber and the power through a long pass filter with the band edge at 1064nm. This
results in a soliton energy of 6.3nJ, which is approximately 6 times higher than the
previous record in a solid core fiber at wavelengths below 1300nm. The pulse duration
of the soliton pulse is measured by using second order intensity autocorrelation, and
the FWHM is 137 fs assuming a sech? pulse profile (Fig. 4). The second order
intensity autocorrelation measurement is done with the long pass filter in place. The

small pedestal is mainly due to the spectral broadening of the input pulse by self-phase
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modulation, which cannot be filtered out by the long pass filter.

In conclusion, we have optimized the HOM fiber design to achieve an energetic
soliton pulse. A new HOM fiber is fabricated according to our design criteria, which
enabled an energetic soliton that has an temporal FWHM of 137fs and a record pulse

energy of 6.3nJ in a solid core fiber at wavelengths below 1300nm.
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CHAPTER 4

INTERMODAL FOUR-WAVE MIXING IN HIGHER-ORDER-MODE FIBER

4.1 Introduction

Four-wave mixing (FWM) in optical fibers has been utilized for nonlinear frequency
conversion. FWM has been studied in single-mode fibers, multimode fibers, and more
recently, photonic crystal fibers (PCFs) [1-8]. In most experiments, the red-shifted Stokes
wave and the blue-shifted anti-Stokes wave are generated within the same mode as the pump
light. In these cases, the phase-matching conditions require the pump to be in the vicinity of
the zero dispersion wavelength (ZDW) of the propagating mode [8, 9]. However, launching
high power pump light near the ZDW can easily generate a supercontinuum (SC), which
limits the conversion efficiency from the pump to the narrow-band Stokes and anti-Stokes
waves. High-efficiency FWM generation at 673 nm and 2539 nm has been achieved in an
endlessly single-mode large-mode-area (LMA) PCF without having the pump light close to
the ZDW [10]. However, this approach cannot be extended to generate light at other
wavelengths, since the phase-matching condition is predominantly defined by the material
dispersion. To overcome the limitation of FWM within a single spatial mode, an intermodal
FWM approach has been proposed [11]. In this approach, pump light is launched in the
normal dispersion region of the fundamental mode. The Stokes and the anti-Stokes waves can
satisfy the phase-matching condition by propagating in other higher-order-modes (HOMS).

This effect has been observed in conventional and Ge-doped multimode fibers at visible
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wavelengths, using a high power pump at 532 nm [3,4]. Recently, the effect has been studied
more systematically in PCFs [11-13].

Intermodal FWM has several advantages over traditional single-mode FWM. This
method can achieve high conversion efficiency without SC generation [11]. The wavelength
of the Stokes and anti-Stokes light can be easily controlled from tuning the fiber design, such
as changing the core diameter [4, 12]. More importantly, this method gives the fiber more
degrees of freedom to generate FWM, as the phase-matching condition can be fulfilled with
more than one propagating modes. It improves the flexibility for fiber design. However, these
experiments require a high-power laser source, such as a Q-switched Nd:YAG laser or a
Ti:sapphire regenerative amplifier. As a result, they are typically used to generate light with
high pulse energy (~uJ) and low repetition rate (~100 kHz). In addition, the HOMs are only
weakly-guided in PCFs, the efficiency of intermodal FWM can be extremely sensitive to
perturbations of the fiber. The combination of a high power pump source and PCFs makes the
system difficult to be integrated in an all-fiber configuration. In this letter, we demonstrate
efficient intermodal FWM in an all-fiber system that consists of a picosecond passive mode-
locked fiber laser and a HOM fiber. Compared with previous experiments, intermodal FWM
in the HOM fiber requires much lower input pulse energy (~ 20 nJ) and provides much
improved stability. The phase-matching condition is fulfilled between two pump photons at
1064 nm in the LPy; mode, one anti-Stokes photon in the LPy; mode, and one Stokes photon
in the LPg, mode. The anti-Stokes and Stokes waves are generated, respectively, at 941 nm
and 1225 nm with 20% conversion efficiency to each wave. Both waves are in well-guided
modes of the HOM fiber, and the large effective refractive index (ne) difference between

modes avoids mode coupling. Due to the characteristics, intermodal FWM in the HOM fiber
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has much better stability than in the PCFs. This effect is potentially another valuable
application for HOM fibers, which were primarily used for dispersion compensation, soliton

generation, and signal transmission [14-16].

4.2 Experimental methods and theoretical calculations

The all-fiber system uses a homemade fiber laser to provide input pulses to the HOM
fiber. The fiber laser consists of a SESAM-based laser cavity at 1064 nm, and two ytterbium
doped fiber amplifiers (YDFA). The cavity of the oscillator consisted of SMF, Yb-doped gain
fiber (Coractive), a SESAM (BATOP) which provided the modelocking mechanism, and a
chirped fiber Bragg grating (CFBG, O/E Land). The CFBG reflects 30% of the pulse energy
back in the cavity and provides anomalous dispersion for soliton formation. The long fiber
length (5.5 m one way) in the cavity not only reduces the repetition rate, but also effectively
increases the total nonlinearity, which results in a broader spectral bandwidth. The cavity
outputs a 1-nm soliton pulse with an average power of 1 mW at 18.3 MHz repetition rate.
Note that further increase the fiber length may cause the cavity difficult to modelock. The first
YDFA (pre-amplifier) boosts the oscillator power to 10 mW and the second YDFA (power
amplifier) utilized a large-mode-area (10 pm core) double-clad Yb-doped fiber (Liekki)
increases the power to 470 mW before the onset of Raman amplification. A single-mode 980
nm fiber-coupled laser diode combined with a fiber wavelength division multiplexer (WDM)
coupler is used by the cavity and the first YDFA, and the second YDFA uses a fiber-coupled
976 nm multimode pump diode combined with a high-power signal-pump combiner (ITF
Labs). To prevent back-reflection, fiber inline isolators (Novawave) are used between the two

amplifiers, and the output of the second YDFA is angle-cleaved. The fiber laser is directly

38



connected to 1.75 m of HOM fiber, using a core alignment fusion splicer (Fujikura FSM-30S
Splicer). After the splice, more than 95% of the power in the HOM fiber is guided in the LPq;
mode. An optical spectrum analyzer and a second-order autocorrelator are used to characterize
the spectral and temporal features of the Stokes and Anti-Stokes pulses. The spatial profiles of
the two pulses are magnified by a factor of 100 in a 4F system, and are measured by scanning
a 20-um pinhole with a Germanium photodiode detector. The HOM fiber is designed to have
large normal and anomalous dispersion at 1064 nm in the LPy and LPg, mode respectively.
The calculated neff for the LPy; mode and the LPy; mode in the HOM fiber is shown in fig.
1(a). The dispersion and group delay derived from the effective refractive indices are in good
agreement with experimental measurements[17]. At the pump wavelength of 1064 nm, the
LPo; mode of the HOM fiber has large normal dispersion, which effectively suppresses SC
generation.

To generate a Stokes photon in LPy, mode and an Anti-Stokes photon in LPg;
mode, the propagation constant mismatch AP, which can be written as 21, P —
Bo1,A(Q) — Boz,s(€2), must be equal to zero [9]. Here, f is the propagation constant, and
the subscripts signify the pump (P), Anti-Stokes (A) and Stokes (S) in the LPo; mode
(01) and LPg, mode (02). Q is the Stokes shift. AB as a function of Q is derived from
the effective refractive index is shown in fig. 1(b). Given the value of § and
nonlinearity of the HOM fiber, the nonlinear contribution from the pump light to the
phase matching condition can be neglected when the peak power is below 10 kW.
When pumped at 1064 nm, the phase-matching condition is satisfied at Q = 2.3x10™
rad/s, corresponding to a Stokes wavelength of 1225 nm and an Anti-Stokes

wavelength of 941 nm. Note that the anti-Stokes wavelength is highly insensitive to
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the pump wavelength, which is similar to the results for intermodal FWM in PCFs
[11]. 5 nm shift of the pump wavelength would yield approximately 2-nm shift of the

anti-Stokes wavelength and 10-nm shift for the Stokes wavelength.
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modes. (b) Propagation constant mismatch, A, as a function of Stokes shift Q, for

pump light at 1064 nm.
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4.3 Results and discussion

The theoretical prediction of intermodal FWM is validated by our experimental results.
Fig. 2 shows the measured spectra at the output of the HOM fiber at various input pulse
energies. For pump powers below 200 mW (11 nJ input energy), only SPM-induced spectral
broadening can be observed. At 250 mW (14 nJ pulse energy) of pump power, strong,
narrowband Anti-Stokes light at 941 nm and broadband Stokes light at 1225 nm are
simultaneously generated through FWM. The center wavelengths of both sidebands
accurately match our calculation. The bandwidth of the Anti-Stokes light is much narrower
than that of the Stokes light since the Anti-Stokes’ wavelength is much less sensitive to drift in
the pump wavelength than the Stokes’ wavelength. This yields a much higher spectral power
density in the Anti-Stokes light.

Measured spatial profiles (magnified by 100x) of the anti-Stokes and Stokes light, shown
in fig. 3(a) and (b), indicate that they propagate in the LPy and LPy, mode, respectively. The
measurement results match well with the calculated spatial profiles of the LPy; mode at 940
nm and the LPg, mode at 1225 nm. The measured profiles show that both waves are tightly
confined in the core with a radius smaller than 2 um. In a HOM fiber, the LPy, mode
monotonically transitions to the higher-index core from the lower-index ring of the fiber, as
the wavelength increases[14]. Consequently, the LPg, mode at the Stokes wavelength is very
concentrated with approximately 80% of the power in the core, and overlaps significantly with
the LPo; mode at the anti-Stokes and pump wavelengths. The effective area that represents the

spatial overlap of this intermodal FWM process can be written as

[_U FOl,P (X’ y) ’ Fo*l,P (X, y) ' FOl,A(X1 Y) ’ Foz,s (X, y) ’ dXdY]_l
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where Forp(X, Y), Fora(X, ¥), and Fos(x, y) are the normalized mode profiles of the pump,
anti-Stokes, and Stokes wave, respectively (see derivations from Ref. 3). Based on the spatial
distributions of the LPy and LPg mode of the HOM fiber, we obtain a relatively small
effective area of approximately 7 um? The small effective area for the intermodal FWM
process enables a strong intermodal nonlinear interaction at relatively low input peak powver.
Hence, spontaneous intermodal FWM can be generated in this HOM fiber at a peak power of
just 2 KW, which is 3 orders of magnitude smaller than the peak power required in LMA
PCFs at a comparable wavelength. The strong intermodal nonlinearity also ensures a high
efficiency for wavelength conversion. With 385 mW (21 nJ pulse energy) coupled into the
HOM fiber, approximately 78 mW (4.2 nJ pulse energy) is generated in the anti-Stokes
sideband, corresponding to 20% power conversion efficiency. The anti-Stokes pulse has a

spectral FWHM of 10 nm, corresponding to 8 mW/nm spectral power density.
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Hence, spontaneous intermodal FWM can be generated in this HOM fiber at a peak
power of just 2 kW, which is 3 orders of magnitude smaller than the peak power required in
LMA PCFs at a comparable wavelength. The strong intermodal nonlinearity also ensures a
high efficiency for wavelength conversion. Up to 385 mW (21 nJ pulse energy) can be
coupled into the HOM fiber to achieve this high conversion efficiency. At this input power,
approximately 78 mwW (4.2 nJ pulse energy) is generated in the Anti-Stokes sideband,
corresponding to 20% conversion efficiency. The Anti-Stokes pulse has a spectral bandwidth
of 10 nm, corresponding to 8 mW/nm spectral power density.

As the pump in the LPy; mode travels at a very different group velocity from the anti-
Stokes light in the LPg; mode and the Stokes light in the LPg, mode, there is significant
temporal walk-off between the pump and the anti-Stokes and Stokes pulses generated from
the FWM process. Due to the long pulse width of the pump light, the pump can overlap with
the FWM waves despite the walk-off, and the efficiency of FWM is not affected. However,
the anti-Stokes and Stokes pulses are significantly broadened temporally due to both the
temporal walk-off and the group velocity dispersion. The second-order intensity
autocorrelation of the anti-Stokes and Stokes light at input pulse energy of 21 nJ are measured
and shown in figs.4 (a) and (b), respectively. The FWHMs of the anti-Stokes and Stokes
pulses are 16 ps and 13 ps, respectively. The autocorrelation measurement also shows good
stability of the anti-Stokes and Stokes pulses. As both the LPg; and LPy,; mode are well-guided
in the HOM fibers, the demonstrated intermodal FWM effect is much less sensitive to fiber
perturbations than in PCFs, where the anti-Stokes and Stokes bands generated by the

intermodal FWM can be significantly attenuated by bending the fiber [11].
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4.4 Conclusion

In conclusion, we demonstrate efficient intermodal FWM in a newly-designed HOM
fiber. The all-fiber system based on the HOM fiber can generate Anti-Stokes and Stokes
pulses at a distinct regime of pulse energy and repetition rate. Intermodal FWM in the HOM
fiber also has better efficiency and stability than the PCFs. This effect provides a new fiber
platform for nonlinear wavelength conversion and mode conversion. This fiber platform can
be tailored to other wavelengths of interest, such as 1550 nm, with proper dispersion
engineering. Its capability to convert signal to a different wavelength and mode efficiently and
simultaneously may have applications in existing telecommunication technologies, such as

mode division multiplexing and wavelength division multiplexing.
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CHAPTER 5

INTERMODAL CERENKOV RADIATION IN HIGHER-ORDER-MODE FIBER

5.1 Introduction

Light propagation in few-mode fibers, also known as higher-order-mode (HOM)
fibers, has recently received great attention due to the possibility of increasing data
transmission capacity through mode-division multiplexing'?. However, in order to
minimize mode coupling induced by waveguide perturbation, HOM fibers are
designed such that the guided modes have very different effective refractive indices
(nerr) at the wavelengths of operation®. Consequently, multimode nonlinear effects
and their applications have rarely been explored. In this paper, we demonstrate a novel
mode-coupling phenomenon through nonlinear wave mixing in a HOM fiber with a
mode-crossing (i.e., two guided modes have the same propagation constant at the same
wavelength). A frequency-shifted soliton emits a phase-matched dispersive wave in a
different propagating mode. We demonstrate that the mode-crossing in HOM fibers
can be utilized to achieve simultaneous wavelength and mode conversion, and the
strength of this intermodal nonlinear interaction can be tuned by controlled fiber

bending.
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5.2 Theory

The nonlinear wave mixing phenomenon reported here is distinct from previous
observations in linear propagations (e.g., Ref. 3). Similar to the intermodal four-wave
mixing effect®, the mode coupling is achieved through a nonlinear phase-matching
effect involving multiple modes. The phase-matching is realized in the same fashion
as dispersive wave generation, also known as Cerenkov radiation, in that an optical
soliton perturbed by third- and higher-order dispersion emits a dispersive wave. In a
single-mode fiber or within a single mode of a HOM fiber, Cerenkov radiation can be
excited at a frequency that is phase-matched with the soliton, when it is near the zero
dispersion wavelength’*®, However, we show here that the phase-matching condition
for intermodal Cerenkov radiation can be satisfied in a HOM fiber when the soliton is
in the vicinity of the mode-crossing wavelength, which can be far away from the zero
dispersion wavelength. In our HOM fiber, a pump soliton in the LPy; mode can
generate Cerenkov radiation in the LP;; mode. The phases ¢ of the pump soliton and
the Cerenkov radiation at a distance z after a propagation delay t = z/vq can be written,

respectively, as

)= Byl -0, e o
(Dc,ll(a)c) = ﬂC,ll (a)c) < Z— COC . (2)
Vy(@,)

where S is the propagation constant and w is the angular frequency. The subscripts
indicate the pump soliton (p) and the Cerenkov radiation (c) in the LPg; mode (02) and the
LP1; mode (11), respectively. vy = (dﬂp,og/dw)'l is the group velocity of the soliton. P and y are

the peak power of the soliton and its nonlinear coefficient, respectively'. Given the values of
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S and y in HOM fibers, the nonlinear contribution, which is represented by the last term in
equation (1), can be neglected when the peak power is on the order of 10 kKW or less, a
condition that is well satisfied in our experiments. Based on equations (1) and (2), the phase

matching condition ¢. = ¢, then becomes,

dﬁp,OZ

do

ﬂc,n (0,) = ﬂp,OZ (a)p) + (o, — wp) 3)

@p

The solution of equation (3) can be obtained graphically, as shown in Fig.1a.
When the soliton in the LPg; mode propagates with anomalous dispersion (i.e., p 02
has negative curvature) at wp higher than the mode-crossing frequency wy, an . lower
than wy will satisfy equation (3). Thus, a phase-matched, red-shifted intermodal
Cerenkov radiation can be generated in the LP1; mode by leveraging the presence of
the mode-crossing. As in the single mode fiber, the initial photons in the Cerenkov
radiation are generated by the nonlinear polarization from the pump photons.
Neglecting Raman scattering for simplicity, the evolution of the electric field of the
LP1; mode can be calculated using the coupled amplitude equation®®,

dA ino,
dz C

2 2 * i 02~ %c.11
|:( fll ‘ A),ll‘ + 2 le ‘AP,OZ‘ ) A),ll + 2 flllZAP,OZAp,OZAp’Oze (9p02— ):| (4)

< Fﬁ Fo*z FoFoz >

f1112 = > : : :
[<|F02| ><|F02| ><|F02| ><||:11| >]1/2

Here E; (r,t)= F (X YA (z,t)e" is the electric field, and Fi(x,y) and Aj(z, t) are,

respectively, the spatial mode profile and amplitude of electric field of mode j. The
phase gjis defined in equations (1) and (2). The integrals fi1, 1o, f1112 are, respectively,

the spatial overlap integrals of self-phase modulation, cross-phase modulation and
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four-wave mixing, the last of which is explicitly given in equation (4). The Cerenkov
radiation in the LP;; mode, Ac 11, Starts at zero, and equation (4) shows that it initially
increases at a rate proportional to fi112. Since the LPy; and LP;; modes have different
angular symmetry, their overlap integral, 111, is zero in a fiber with perfect cylindrical
symmetry. Hence, perturbation on the fiber and the mode profile is necessary to make
fi112 non-zero. As demonstrated in both SMFs and multimode fibers, bending can
deform the spatial profiles of guide modes and shift them away from the axis of the
fiber'*™®. The deformation creates a nonzero spatial overlap between the LPg, and LP;
modes, and can be utilized along with the mode-crossing to control the generation of

intermodal Cerenkov radiation in a HOM fiber.

5.3 Experimental Methods

The experimental setup for intermodal Cerenkov radiation is shown in Fig.1b.
The HOM fiber under test is designed to generate high energy frequency-shifted
soliton’® . Figs. 1c and 1d present, respectively, the calculated nes and dispersion
curves of the LPy, and LP;; modes. These dispersion values have been verified by
experimental measurements™®. Between 1000 and 1200 nm, the LPg, and LP1; modes
have anomalous and normal dispersion, respectively. With an input pulse energy of
14.4 nJ and propagation distance of 90 cm, a 4-nJ soliton in the LPy, mode is
generated at approximately 1085 nm. Through intrapulse Raman scattering, the soliton
will red-shift towards the mode-crossing wavelength between LPg, and LP;; at 1120

nm.

53



The excitation source for the intermodal Cerenkov generation is an IMRA FCPA
wewel D400 laser, which outputs in free space a 1-MHz pulse train at 1045 nm. The
pulses have an autocorrelation FWHM of 600 fs. The power coupled into the fiber is
controlled by a variable optical attenuator, which consists of a half-wave-plate and a
linear polarizer. An achromatic objective (DIN 4, Edmund Optics) couples light into
90 cm of the HOM fiber mounted on a three-axis NanoMax stage (Thorlabs). The
position of the fiber end is optimized to achieve maximal excitation in the LPg, mode.
The output of the HOM fiber is characterized by an optical spectrum analyzer with 0.5
nm resolution and a second-order autocorrelator. The spatial profile of the fiber output
is magnified by a factor of 250 in a 4f imaging system, and recorded by a CMOS CCD

camera (DCC1545M, Thorlabs).
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Figure 1. Theory and experimental configuration for intermodal Cerenkov
radiation in the HOM fiber. a, Phase-matching condition between Cerenkov
radiation in the LP1; mode at o and the pump soliton in the LPo; mode at wp, from
equation (3). Schematic drawing of the curves for the propagation constants of the
LPo2 and LP1; modes are shown in the vicinity of the mode-crossing frequency wx. b,
Experimental setup for intermodal Cerenkov radiation in the HOM fiber. VOA,
variable optical attenuator. c, The effective refractive index of the LPy, and LP1; mode
of the HOM fiber in our experiment. A;, mode-crossing wavelength. d, Dispersion

curves of the HOM fiber.
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The output spectra are measured with the fiber coiled with different radii to
generate intermodal Cerenkov radiation. In a straight HOM fiber, the central
wavelength of the soliton can be continuously tuned between 1085 nm and 1120 nm
(Fig.2a). Note that mode coupling induced by microbending of the fiber produces
spectral modulation on the soliton at the mode-crossing wavelength of 1120 nm.
However, Cerenkov radiation in the LP;1; mode cannot be observed and the output
remained in the LPo; mode in the straight fiber at all launch powers tested. This
observation is consistent with the theoretical prediction that the modal overlap integral
vanishes without significant perturbation when using a straight fiber. By bending the
HOM fiber, however, the mode overlap integral no longer vanishes, resulting in
intermodal nonlinearity for efficient generation of Cerenkov radiation. Figs. 2b and 2c
show the experimental results at two bending radii. At 18 nJ input pulse energy and a
bending radius of 14 cm, Cerenkov radiation in the LP;; mode can be observed at
wavelengths beyond 1130 nm. The Cerenkov radiation becomes more pronounced
when the bending radius is reduced to 5.5 cm (Fig. 2c). The wavelength separation
between the Cerenkov radiation and the soliton increases when decreasing the bending
radius, which is consistent with spectral recoil. Higher intermodal nonlinearity caused
by the strong perturbation of a sharply-bent fiber can produce more energetic
Cerenkov radiation and a stronger spectral recoil effect'’. The soliton will be
frequency-locked at a shorter wavelength by the Cerenkov radiation which in turn will
lock at a longer wavelength. In addition, dispersion and ness change induced by
bending can affect the spectral features of the Cerenkov radiation. Our experiments

show that the strength of intermodal nonlinear interaction can be effectively tuned by
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controlling the bending of the fiber. We experimentally verified that different input
polarizations do not affect the spectral evolution and the wavelength of Cerenkov
radiation, indicating that the intermodal Cerenkov radiation created by waveguide
bending is not a polarization effect. We quantitatively characterize the Cerenkov
radiation in the HOM fiber with 5.5 cm bending radius. At 21 nJ input energy, a 6 nJ
soliton at 1093 nm excites a 1.5 nJ Cerenkov pulse in the LP1; mode at 1140 nm. The
measured wavelength of the Cerenkov radiation is in excellent agreement with the
theory, which predicts a phase-matching wavelength of 1142 nm based on Equation (3)
and the calculated nesr. The measured optical spectrum and the spatial profiles of the
soliton and the Cerenkov radiation are presented in Fig. 3(a). We performed second-
order intensity autocorrelation measurement, and determined that the pulse width of
the Cerenkov radiation is 5.8 ps, as shown in Fig. 3(b). The Cerenkov pulse broadens
due to dispersion in the LP;; mode and to the temporal walk-off between the soliton

and the Cerenkov radiation.
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Figure 2. Intermodal Cerenkov radiation in the HOM fiber with different bending radii.
a, Measured spectra for soliton shift and Cerenkov radiation at different pulse energies in a
straight fiber, b, fiber coiled with a radius of 14 cm and c, 5.5 cm. Cerenkov radiation is

labeled at 18.0 nJ input energy. Note that the vertical axes are in logarithmic scale.
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Figure 3. Measured spatial, spectral, temporal profile of the Cerenkov radiation. a,
Measured output spectrum of the HOM fiber at 21 nJ input pulse energy. Insets: measured
spatial profiles of the soliton and Cerenkov radiation. b, Measured intensity autocorrelation

trace of the Cerenkov radiation.
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5.4 Conclusion

We demonstrate intermodal Cerenkov radiation in a HOM fiber for the first time
to the best of our knowledge. The phase-matching condition of such an intermodal
nonlinear interaction can be satisfied in the vicinity of the mode-crossing wavelength
of the HOM fiber. We show that the intermodal nonlinearity for energy conversion
can be created and controlled by tuning the bending radius of the fiber. This novel
nonlinear phenomenon can be easily extended to the telecommunication wavelengths
by fabricating new HOM fibers. The demonstrated capability of simultaneous mode
and wavelength conversion of the HOM fibers may have potential impact in future
telecommunication systems based on both mode division multiplexing and wavelength

division multiplexing.
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CHAPTER 6

TIME-DOMAIN DISPERSION MEASUREMENT IN

HIGHER-ORDER-MODE FIBER

6.1 Introduction

Solid silica-based higher-order-mode (HOM) fibers can copropagate light in different
modes without intermodal coupling [1]. Specific modes in HOM fibers, such as the LPg,
mode, can be designed to have large anomalous dispersion and effective mode area (Aerr). The
combination of the large anomalous dispersion and the small nonlinearity due to the large A
is desired for many practical applications, such as dispersion compensation, high energy pulse
delivery, and high power amplification [2-4]. This combination also enabled HOM fibers to
produce soliton with approximately 1 nanojoule pulse energy at a variety of wavelengths [5,
6]. According to the soliton condition, even higher pulse energy can be achieved by increasing
the anomalous dispersion [7]. In addition, HOM fibers or few mode fibers have recently
received significant attention as a possible way to improve the performance of fiber
transmission and increase the data capacity by mode-division multiplexed transmission [8-10].
As the dispersion value of HOM fibers is of great importance, a method that conveniently and
precisely measures the dispersion of HOM fibers can significantly facilitate the fiber design
process.

Dispersion measurement techniques for single-mode fibers (SMFs), including time-of-
flight technique, phase-shift technique, and interferometric technique, can be used to

characterize the dispersion of HOM fibers with only one mode excited. These techniques
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cannot be directly applied to measure the dispersion of HOM fibers with multiple excited
modes. Various multimode dispersion measurement techniques were developed in the past to
characterize multimode fibers (MMF), including HOM fibers [11-14]. The majority of these
techniques are based on interferometry, which measure the spectral fringes caused by the
intermodal interference in HOM fibers. The interference after a few meters of fibers can be
directly measured using an optical spectrum analyzer (OSA) [11]; the interference after
several kilometers of fibers can be observed with an electrical spectrum analyzer [12]. Spectral
fringes can also be mapped to a time-domain signal by using a light source that sweeps the
wavelength at a constant rate, or real-time optical Fourier transformation [13, 14]. The beat
frequencies of the interference fringe can be extracted through Fourier transformation, which
correspond to modal delays between two different modes within the fiber. The wavelength-
dependence of the modal delays indicates the relative dispersion between these two modes. To
measure the absolute dispersion of each mode in the HOM fiber, a reference fiber with known
dispersion value needs to be added to form a Mach-Zehnder interferometer with the test HOM
fiber. Modal interference between light in the HOM fiber and the reference fiber has to be
separated out from the intermodal interference within the HOM fiber in order to obtain the
absolute dispersion [15]. A free-space interferometer with a CCD camera has also been used
to characterize the relative modal delay and mode profile in a short piece of multimode fiber
[16]. However, this technique requires cross-correlation to measure the delay at each
wavelength, which significantly limits its efficiency for broadband dispersion measurement
and its practicality for real-time applications. All these interferometric techniques are sensitive
to noises introduced by environmental instabilities, and are relatively complicated to

implement. In this paper, we demonstrate a convenient time-domain technique to achieve
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simultaneous multimode dispersion measurement in a new HOM fiber, which aims to achieve
higher anomalous dispersion at 1064 nm in the LPg mode than previous designs. This
technique is based on the standard differential mode delay (DMD) measurement method for
MMF [17], and obtains the absolute dispersion of each mode through the wavelength-
dependence of its delay using time-of-flight techniques [18-20]. The dispersion values of LP,
LPo, and LP;; modes are measured using this technique, and results are in good agreement

with theoretical calculations.

6.2 Experimental methods

The experimental setup is shown in Fig. 1. An 80-MHz mode-locked Ti:Sapphire laser is
used as the input source. The initial input wavelength is continuously tuned between 1010 nm
and 1070 nm with a spectral bandwidth in the range of 10-20 nm. The input bandwidth is then
reduced to 1 nm by a tunable wavelength selector, which consists of a grating, a collimating
lens, a slit, and a mirror. The incident beam is split by a 50/50 fiber coupler. 50% of the optical
power is launched into the HOM fiber under test (10.2 m in length), and the other 50% of
optical power propagates in the reference arm, which includes 1.7 m of standard SMF. The
total input pulse energy is maintained below 1 pJ to avoid fiber nonlinearity. In the test HOM
fiber, LPos, LPg,, and LP;; mode are simultaneously excited after launch. The output from the
HOM fiber is measured by a 30 GHz sampling oscilloscope (Agilent 86100A Infinilum DCA
sampling oscilloscope). Due to the limited input spectral bandwidth and short fiber length, the
durations of the optical pulses are approximately 2 ps or less, which are well below the
impulse response time of the detector (~20 ps). In the reference arm, the optical power is split

by a 90/10 fiber coupler. The 90% arm is detected by a 20 GHz detector. The electrical pulse
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train is then split by a 50/50 RF coupler to trigger the oscilloscope and provide a reference
signal. The 10% arm is fed into an optical spectrum analyzer (OSA) to measure the input
wavelength. The methodology of this time-of-flight dispersion measurement technique is

explained in Fig. 2.
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Fig. 1. The experimental setup for measuring the dispersion of an HOM fiber. Free space
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Fig. 3 shows the oscilloscope trace of the HOM fiber output at 1064 nm. The three peaks
in the trace correspond to the LPy;, LPg,, and LP;; mode. Each peak is continuously tracked to
ensure that it represents the same mode during the wavelength tuning process. The amplitudes
of the peaks represent the relative optical power in each excited mode, and the temporal
positions of peaks indicate the relative delay of each mode with respect to the reference pulse
from the reference arm. At each input wavelength, we measured the relative delay of each

mode, which can be expressed as

L L
t,=t, -1, +C = %A— %{+C 1)

where t, is the relative delay between mode A and the reference pulse. ta represents the
group delay of mode A through its propagation in the HOM fiber, and tr represents the group

delay of the reference pulse. v, and v, are, respectively, the group velocities of mode A in the

HOM fiber and the fundamental mode in the standard SMF of the reference arm. L and Lg
represent, respectively, the length of the HOM fiber and the SMF. C is the constant delay
introduced by the RF devices in the system. The measured relative delays of LPg;, LPg,, and
LP;2 modes as a function of wavelength are shown in Fig. 4. We note that the resolution of the
delay measurement is defined by the measured pulse width, which depends on the optical
pulse width and the impulse response time of the detector, but the precision of the delay
measurement is not limited by the resolution. Delay shift of ~1 ps can be easily measured
since the oscilloscope has a temporal precision of 250 fs. In addition, the relative precision of
the delay measured can be further improved by using longer lengths of HOM fiber. However,
care must be taken to ensure that the relative delay between two modes in the fiber is shorter

than the periodicity of the pulse train.
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The dispersion of one specific mode in the HOM fiber can be calculated from the

wavelength-dependence of the relative group delay,

divy) 1dt, 1dt, L,
A= =——=——+—D )
di  L,di L,di L,

where D and Dk, are, respectively, the dispersion of mode A in the HOM fiber and
the dispersion of the SMF of the reference arm. The relative group delay of each mode
(Fig. 3) is fitted to a fourth-order polynomial. The dispersion values are then
calculated using Eq. (2) and the polynomial fit. The results are shown in Fig. 4.

We have theoretically calculated the group delay and dispersion for each mode
based on the index profile of the HOM fiber. The calculated delay (Fig. 3, unmarked
lines) and the calculated dispersion (Fig. 4, unmarked lines) are in good agreement
with the measured results. Both the calculation and measurement indicate that large
normal and anomalous dispersion were achieved in LPO1 and LP02 mode,
respectively. The LP02 mode has approximately 200-ps/nm/km anomalous dispersion
in the vicinity of 1064 nm, which is valuable for high energy pulse delivery and
soliton generation. Small amount of discrepancy exists between the measured and
calculated results, as the actual refractive index profile of the HOM fiber may differ
slightly from the profile used in the calculation. The discrepancy may also be in part
due to the noise in the delay measurement and the deviations of the polynomial fit to

the delay data.
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The time-domain dispersion measurement technique presented here has several
advantages over the frequency-domain interferometric methods. First, this technique does not
require an interferometer, and thus significantly reduces the measurement complexity. Second,
this technique directly measures the delay and dispersion in the temporal domain, whereas the
delay and dispersion calculated from the frequency-domain information have to be arbitrarily
assigned to a specific pair of modes. As a result, this technique eliminates such ambiguities
caused by the frequency-domain measurement. Finally, the time-domain technique has the
capability of directly monitoring and measuring the power of each mode at different
wavelength. While it is used in our experiment, a tunable mode-locked laser is not required for
this technique. Simpler multi-wavelength sources based on standard telecommunication
equipment already exist. For example, all-fiber sources generated by intensity modulation and
time-lens pulse compression can readily provide picosecond and picojoule pulses that are well
suited for such measurements [21, 22].

6.3 Conclusion

In conclusion, a convenient and accurate multimode dispersion measurement technique
for HOM fiber has been demonstrated. We have implemented our method to characterize the
LP11, LPgp, and LPy mode in a newly designed HOM fiber. The measured results match our
theoretical calculation quantitatively. This technique provides a practical tool for multimode
dispersion characterization, which will facilitate future HOM and multimode fiber design,
fabrication, and application.
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