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ABSTRACT 
 

Multimode interference (MMI) in optical fibers has been studied and its applications in 

optical fiber lasers and amplifiers have been proposed and demonstrated in this thesis.  

When a single-mode fiber is spliced onto a multimode fiber, quasi-reproduction of the 

field from the single-mode fiber, also called “self-imaging”, occurs periodically along the 

multimode fiber where the phase differences between the strongly excited modes are very 

small. The properties of self-imaging in multimode optical fibers have been investigated 

experimentally and theoretically in this thesis. Key parameters for the design of 

MMI-based fiber devices have been defined and their corresponding values have been 

provides for the 50 μm and 105 μm multimode fibers. 

By use of the self-imaging effect, a fiber laser with single-transverse-mode output 

while using a multimode rare-earth-doped fiber has been demonstrated as an alternative 

route to overcome the constraints of an active single-mode fiber. The first MMI-based 

fiber laser in the world has provided a perfect beam quality (M2 = 1.01) and an inherent 

narrow spectrum (Δλ3dB < 0.5 nm). Linearly-polarized narrow-linewidth 

single-transverse-mode emission has also been obtained from a MMI fiber laser utilizing 

a single-mode fiber inscribed with a polarization-maintaining fiber Bragg grating. 

Moreover, high power MMI fiber lasers and amplifiers utilizing rare-earth doped silica 

large-core multimode fibers have been proposed and their critical features, such as 
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efficiency, optical spectrum, and beam quality, have been investigated.  

On the other hand, because exclusively excited LP0, n modes inside the multimode 

fiber segment are represented by apertured Bessel fields that have long propagation 

invariant distances, nondiffracting beams can be generated from the MMI-based fiber 

devices. In this thesis, the principle of generating nondiffracting beams from multimode 

optical fibers has been described and the propagation characteristics of the generated 

beams have been investigated. Active MMI fiber devices to generate tens of watts or even 

hundreds of watts nondiffracting beams have also been proposed. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Roads of High Power Fiber Lasers and Amplifiers 

 

A fiber laser or amplifier is an oscillator or amplifier in which the active gain medium is 

an optical fiber doped with rare-earth elements such as erbium (Er), ytterbium (Yb), 

neodymium (Nd), dysprosium (Dy), praseodymium (Pr), thulium (Tm), and different 

synthesizers of these elements. When the rare-earth doped core is pumped by light that 

can excite ions from the ground level to higher energy level, laser radiation or amplified 

signal can be obtained through the stimulated emission process like solid-state lasers. As 

illustrated in Fig. 1, an optical fiber generally consists of a core surrounded by a cladding 

layer whose refractive index is slightly lower than that of the core and the core can guide 

light by total internal reflection, therefore a fiber cavity can be designed with an arbitrary 

length from several centimeters to tens of meters, with recent fiber laser technologies. In 

contrast to other lasers, the attractive features of fiber lasers and amplifiers include 

outstanding heat-dissipating capability, excellent beam quality, high optical conversion 

efficiency, simplicity and compactness, high single-pass gain, low laser threshold, and 

broad gain bandwidth. Fiber lasers and amplifiers have been studied and developed for 

http://en.wikipedia.org/wiki/Active_gain_medium
http://en.wikipedia.org/wiki/Optical_fiber
http://en.wikipedia.org/wiki/Rare-earth_element
http://en.wikipedia.org/wiki/Erbium
http://en.wikipedia.org/wiki/Ytterbium
http://en.wikipedia.org/wiki/Neodymium
http://en.wikipedia.org/wiki/Dysprosium
http://en.wikipedia.org/wiki/Praseodymium
http://en.wikipedia.org/wiki/Thulium
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nearly fifty years. To date, the spectrum range of fiber lasers can cover from ultra-violet 

to mid-infrared and the output level can be up to several kilo-watts.  

 

 

 

 

 

 
Fig. 1.1. The concept of a core-pumped fiber laser. 

 

The first fiber laser was proposed and demonstrated by Snitzer [1] one year after 

Maiman’s first demonstration of laser action in a ruby crystal [2] in 1960. In 1964, the 

first fiber laser side-pumped by flash lamp and based on Nd-doped phosphate glasses was 

developed [3]. In the early works multimode fibers were used to alleviate the problems of 

thermal heating of the glass host and to enable efficient pumping with flash lamps. 

However, due to a lack of compatibility with available pump sources, glass fiber lasers 

offered no compelling benefits that outweighed the disadvantages of laser pumping and 

did not find wide-spread applications. The advantages of glass fiber lasers became 

apparent with dramatic improvements in efficiency and performance after the realization 

of low-loss rare-earth doped single-mode silica fibers. Apart from the complete 
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elimination of thermal loading, fiber lasers allow operation in a confined 

diffraction-limited mode, excellent compatibility with single-mode diode pump lasers, 

long interaction lengths for the laser light in the fiber and very large gain bandwidths. 

These unique features subsequently led a revolution in optical technology. Particularly 

the demonstration of the erbium-doped optical amplifier by D. N. Payne and coworks [4] 

in 1987, has greatly improved the transmission rates and the reliability of fiber-based 

communication systems.  

 

 

 

 

 

 

 
Fig. 1.2. The concept of a cladding-pumped fiber laser. 

 

The subsequent development of erbium-doped fiber amplifiers spurred a large 

research effort into rare-earth doped fibers and related technologies, in particular diode 

pump lasers. Initially, fiber lasers were simple structures with a single core, guiding both 

the signal and the pump light. The requirement for robust operation on a 
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single-spatial-mode emphasized the need for single-mode cores, implying that 

single-mode pump diodes must be used. Although core-pumped fiber devices can be very 

efficient with quantum efficiencies approaching unit, however the limited power of 

single-mode diode pump sources has restricted the output powers to 1 W. 

However, this limitation can be overcome by the use of the double-clad fiber design, 

invented in 1988 by Snitzer [5]. As shown in Fig. 2, the active doped core is surrounded 

by a second waveguide, which is highly multimode for pump light. In this second 

waveguide, also called inner cladding or pumping core, low brightness high power laser 

diode lasers can be launched. The pump light is gradually absorbed over the entire fiber 

length and is converted into high brightness high power laser radiation. Consequently, 

cladding-pumped fiber lasers do not require single-mode pump sources, but can still 

produce a single-mode laser output. Cladding-pumped fiber technology has 

revolutionized fiber laser over 1990s by increasing output power from less than 1 W with 

traditional core-pumping to well over 100 W.  

In recent years, power scaling of fiber lasers and amplifiers has attracted considerable 

interest because of the dramatically increasing demands for high power or high energy 

laser systems for various applications including laser pumps, space communications, 

industrial welding and cutting, directed energy weapons, and high-energy physics 

researches. The two major approaches to obtain higher power or energy laser systems are 
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either to boost the power level of a single-element fiber laser or amplifier, or to increase 

the element quantities in a beam combining system. 

With the advent of reliable and high-brightness diode pump lasers and double-clad 

fibers to facilitate coupling the pump light into the fiber, output power of single-mode 

fiber laser has been significantly increased over the past decade. For instance, as 

illustrated in Fig. 3, 6-kW 1 μm silica fiber laser [6], 10-watt 2.78 μm ZBLAN fiber laser 

[7], and 2-watt 1.53 μm single-frequency phosphate fiber laser [8] have been developed.  

 

 

 

 

 

 

 

 

 

 Fig. 1.3. Evolution of continuous-wave output of single-mode 1 μm 
silica fiber laser, 2.7 μm ZBLAN fiber laser, and 1.5 μm 

single-frequency fiber laser over the past decade.  
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1.2 Road-blocks to High Power Fiber Lasers and Amplifiers 

 

It should be emphasized that, all the record breaking fiber lasers [6-8] were based on 

large-mode-area fiber design, an effective solution to overcome power scaling constraints 

of conventional SM fiber lasers defined by nonlinear effects, thermo-optic effects, and 

optical damage.  

Because of the high power, tight signal beam confinement, and long length, 

well-known fiber nonlinearities such as stimulated Raman scattering, stimulated Brillouin 

scattering (for narrow-linewidth beams), and self-phase modulation (for pulse light) 

occur quite readily in cladding-pumped fibers. Stimulated Raman scattering and 

stimulated Brillouin scattering results from stimulated inelastic scattering processes, 

whereby the radiation transfers a part of its energy to the glass host in the form of excited 

vibrational modes. Both manifest themselves as a significant power loss mechanism in 

fiber-based laser systems. In general, the nonlinearity coefficients in glass fibers are 

intrinsically small. Nevertheless, due to the large product of intensity and interaction 

length inside the fiber core nonlinearity can be strong and deteriorate the performance of 

high power fiber devices. Basically, for silica fiber devices, nonlinearity limits the 

performance of active fiber systems before limits due to thermo-optical effects or fracture 

of the fiber are reached. 
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Since the heat generated in the laser pumping cycle is distributed over a considerably 

long length, the chief advantage of fiber lasers over bulk solid-state lasers is their 

outstanding heat-dissipation capability due to the large outer surface area of the fiber 

allowing effective heat dissipation with minimal heat-sinking requirements. Nevertheless, 

heat generation can still destroy an optical fiber, via thermal damage of the coating, 

fracture, or even melting of the core, during a very high power operation. Besides 

thermo-optic effect, optical damage is also a hindrance of power scaling of fiber lasers 

utilizing convention SM fiber. For soft-glass fiber lasers [7, 8], thermo-optic effect and 

optical damage always happen at a power level much lower than that for the occurrence 

of nonlinear phenomena.  

Large-mode-area SM fibers can be realized either by precise control of the index step 

between the core and cladding, or by use of microstructured fiber. For instance, NP 

Photonics demonstrated Tm (1800 nm) fiber lasers based on active SM fiber with core 

diameter of 42 μm [9]; Limpert demonstrated a 320 W SM photonic crystal fiber laser 

with core diameter of 60 μm [10]. However, the emission of the large-mode-area SM 

fibers is not a strict diffraction-limited single-transverse-mode.  

Utilizing active multimode (MM) fibers is an alternative approach to increase mode 

volume and boost power levels of SM emission. Diffraction-limited outputs from active 

MM fibers can be obtained by introducing a discrimination mechanism between the 
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various fiber modes which suppresses the transverse modes other than the fundamental 

mode. Fundamental-mode surviving mechanisms can be realized, e.g., by adjusting fiber 

index and doping distribution [11, 12], by introducing special cavity configurations [13, 

14], by coiling the MM fiber [15], or by designing helical-core [16] or leakage channel 

fibers [17, 18]. Utilizing beam cleanup effects based on stimulated Raman scattering [19] 

and stimulated Brillouin scattering [20] has also been proposed to obtain 

diffraction-limited emissions from MM fiber lasers.  
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1.3 New Method of Removing the Road-blocks 

 

However, robust and environmentally stable fundamental-mode operation is only 

possible in a true single-mode fiber. In this thesis, a new concept to achieve true 

single-transverse-mode output from an active MM fiber is proposed and demonstrated. 

By splicing a passive SM fiber onto a short rare-earth doped MM fiber, 

diffraction-limited output with a beam quality (M2) is equal to that of the SM fiber can be 

obtained from a highly efficient diode-pumped MMI fiber laser as a consequence of the 

self-imaging property of multimode interference (MMI) in the MM fiber segment. In 

contrast to other approaches of obtaining SM emission from active MM fibers [11]-[20], 

MMI fiber lasers are easy to construct and do not need any specially-designed fibers. 

Furthermore, MMI fiber lasers can provide perfect beam quality and intrinsically narrow 

emission linewidth. 
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1.4 Outline of the Dissertation 

 

 Since MMI is the essence of proposed fiber devices and there are few physical 

insights into self-imaging in MM fibers, in comparison to the intensive and thorough 

investigations of MMI in planar waveguides, MMI in optical fibers and its properties are 

described in detail and investigated experimentally and theoretically in Chapter 2.  

The first MMI fiber laser and its characteristics are presented in Chapter 3. High 

power MMI fiber lasers and amplifiers are also proposed and invested in this chapter.  

On the other hand, MMI fiber devices can be used to generate nondiffracting beams. 

The principle and the properties of the MMI fiber devices are presented in Chapter 4. In 

contrast to other methods of generating nondiffracting beams or optical arrays, this 

method is not only extremely simple and flexible, but also power scalable under recent 

dramatic progress of high power fiber lasers and amplifiers. MMI fiber devices to 

generate high power nondiffracting beams are also proposed in this chapter. 

In Chapter 5, the summary of my thesis and the prospect of my work are given.  
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CHAPTER 2  

MULIMODE INTERFERENCE IN OPTICAL FIBERS 

 

When an arbitrary electromagnetic field is coupled into a multimode (MM) 

waveguide, a specific set of eigenmodes of the MM waveguide are excited and each of 

them propagates along the waveguide independently with its own propagation constant. 

All the excited modes interference with each other (called multimode interference) and 

the field at any position inside the MM waveguide is a superposition of their mode fields. 

Although the superposition of these excited modes generally yields a complicated field 

distribution due to multiple interferences (MMI), self-imaging of the input field can be 

obtained at certain positions where the excited modes are in phase. Such positions can be 

determined using the condition that the accumulated phase difference between any two 

excited modes is an integer multiple of 2π. Self-imaging in planar waveguides was first 

demonstrated by Ulrich [21] and was found to be an inherent property of MM 

waveguides. 

After the first demonstration of MMI-based self-imaging in planar waveguide, MMI 

in planar waveguides has been intensively investigated and the self-imaging effect has 

been widely utilized in the design and fabrication of high-performance waveguide 

couplers [22]. Although MMI in cylindrical optical fibers is more complicated than that 
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in planar waveguides, the self-imaging effect in MM fibers was first observed by Allison 

[23] and has been experimentally demonstrated by several groups in recent years for 

various applications such as wavelength tunable laser [24], all-fiber bandpass filter [25], 

wavelength tunable fiber lens [26], and fiber-optic displacement sensor [27]. Compared 

to the intensive and thorough investigations of self-imaging in planar waveguides, there 

are few physical insights into self-imaging in MM fibers, even though a lot of fiber 

devices based on MMI have been demonstrated. In this chapter, the theory of MMI in 

MM fibers is described first. Then the properties of self-imaging in MM fibers are 

investigated in detail through theoretical calculations and experiments. 
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2.1 Theory of MMI in Multimode Fibers 

 

 

 

 

Fig. 2.1. A simple fiber structure for studying the 
self-imaging properties of MM optical fibers.  

 

The central structure of an MMI fiber device is an MM fiber that supports many 

modes. In a common design, as depicted in Fig. 2.1, a single-mode (SM) fiber is spliced 

onto the MM fiber to ensure that a single-spatial-mode is launched into and recovered 

from the MM fiber segment.  

Neglecting the reflected field as well as the power coupled to the radiation modes, in 

the plane of the splicing point (z = 0), the propagating field inside the SM fiber can be 

decomposed into the guided modes of the MM fiber, i.e., 

∑ ===
N

nnSM zreCzrE
1

)0,,()0,,( φφ ,                   (2.1) 

where )0,,( =zrESM φ is the fundamental mode of the SM fiber and )0,,( =zren φ is the 

n-th guided mode of the MM fiber. N is the number of excited modes inside the MM 

fiber.  is the mode expansion coefficient and can be determined from nC
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Neglecting mode conversion, all excited modes propagate independently inside the 

MM fiber, and the field ),,( zrEMM φ  along the MM fiber can be expressed as 
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where 1β and nβ are the propagation constants of the fundamental mode and the n-th 

excited mode of the MM fiber, respectively. 

Clearly, at certain positions inside the MM fiber, the reproduction of the input field 

occurs, i.e., )0,,(),,( ==− zrEzrE SMimagingselfMM φφ , if the following condition is satisfied 

for all N modes  

πβββ 2)( 1 nimagingselfnimagingselfn mzz =Δ=− −− .     (mn integer)        (2.4) 

 Eq. (2.4) implies that the phase different between any two excited modes is an integer 

multiple of 2π, i.e., all excited modes are in phase. 

In general, the propagation constants of the guided modes of an MM fiber should be 

evaluated through numerical approaches to solve the characteristic equation for the 

step-index fiber 
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where, a is the radius of the fiber core, ν is the angular mode number, γ2=β2-k0
2n2, 

κ2=k0
2n2- β2, k0=2π/λ; Jν and Kν are the Bessel function of the first and the second kind, 

respectively. 

 It should be noted that, due to the mode orthogonality and the on-axis excitation, 

only HE1, n modes (ν = 1), also called LP0, n modes in linear polarization approximation, 

are strongly excited in the MM fiber segment of the MMI structure depicted in Fig. 2.1. 

And more modes are excited when a larger core MM fiber or a smaller SM fiber is used. 

For instance, when the MM fiber has a core diameter of 25 μm and a numerical aperture 

(NA) of 0.22 and the launching fiber is a conventional SMF-28 fiber, only the first four 

HE modes are strongly excited. The field distribution of the excited modes and their 

in-phase superposition are plotted in Fig. 2.2. When the core diameter of the MM fiber 

changes to 50 μm and 105 μm, first seven and fourteen HE modes are found to be 

strongly excited, respectively. The field distribution of the excited modes and their 

in-phase superposition are plotted in Fig. 2.3 and Fig. 2.4, respectively. Clearly, if all the 

excited modes are in phase, a precise self-imaging of the input field occurs. 
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Fig. 2.2. Field distributions of the excited modes and their 
in-phase superposition in a 25 μm MM fiber segment of 
the MMI structure when the launching fiber is an SMF-28. 
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Fig. 2.3. Field distributions of the excited modes and their 
in-phase superposition in a 50 μm MM fiber segment of 
the MMI structure when the launching fiber is an SMF-28. 
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Fig. 2.4. Field distributions of the excited modes and their 
in-phase superposition in a 105 μm MM fiber segment of 
the MMI structure when the launching fiber is an SMF-28. 
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2.2 Self-imaging in Multimode Fibers and Its Properties 

 

As analyzed in Section 2.1, it is straightforward that a reproduction of the input field can 

happen at positions where all the excited modes are in phase. However, the situation in 

optical fibers is much complicated because the propagation constants of the excited 

modes in optical fibers do not have multiple relationships between each other like in 

planar waveguides. Therefore, numerical approaches including the mode expansion 

approach and the beam propagation method have been employed to analyze the 

self-imaging in MM fibers. In this thesis, the fully vectorial mode expansion approach, 

developed by Li [28], is used to do the calculations.  

With the mode expansion approach, the evolution of the intensity distribution along 

the MM fiber segment for the input field from an SMF-28 fiber is plotted in Figs. 2.5-2.7 

for MM fibers with a NA of 0.22 and core diameters of 25 μm, 50 μm, and 105 μm. It is 

obvious that the positions for the self-imaging occurrence and the quality of the 

self-imaging are much different for the three MM fibers. For the 25 μm fiber, a 

quasi-reproduction of the input field occurs at every 0.55 mm and a nearly perfect 

reproduction occurs at every 2.2 mm. For the 50 μm and 105 μm fibers, however, only 

quasi-reproduction of the input field occurs at a much longer propagation distance. 

Therefore, detailed investigations of the self-imaging effect in optical fibers are necessary 
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for further design of MMI-based fiber lasers and amplifiers and are also beneficial for the 

design and optimization of the MMI fiber devices that have been demonstrated 

previously [24-27] 

 

 

 

 

 

 

Fig. 2.5. Intensity distribution in a 25 μm MM fiber 
segment of the MMI structure when the field of an 
SMF-28 is launched.

 

 

 

 

 

 

 

 

 

Fig. 2.6. Intensity distribution in a 50 μm MM fiber 
segment of the MMI structure when the field of an 
SMF-28 is launched.
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 Fig. 2.7. Intensity distribution in a 105 μm MM fiber 
segment of the MMI structure when the signal from a 
SMF-28 is launched. 

 

 

2.2.1 Self-imaging quality factor 

 

Although the intensity distributions shown in Figs. 2.5-2.7 have given a distinct 

comparison for the self-imaging in different MM fibers, quantitative evaluation of the 

self-imaging properties is very necessary. Here, a factor γ defined as an effective 

amplitude reflection coefficient in [28] can be redefined for MMI fiber structures by 
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The self-imaging quality factor γ(z) reflects the quality of the reproduction of the input 

field at the position z inside the MM fiber. 

The quality factor γ of self-imaging in the 25 μm MM fiber for a single-frequency (λ 

= 1.535 μm) input field from a standard SM fiber (SMF-28) are plotted in Fig. 2.8. 

Clearly, quasi-reproduction peaks with quality factor γ > 0.9 and perfect self-imaging 

peaks with quality factor γ > 0.99 can be obtained at a lot of positions.  

 

 

 

 

 

 

 

 

 
Fig. 2.8. Self-imaging quality factor γ along the MM fiber 
segment with a core diameter of 25 μm for the input field 
from an SMF-28 fiber. 

 

 

The quality factor γ of self-imaging of the input field from an SMF-28 is plotted in 

Figs. 2.9 and 2.10 for the 50 μm and 105 μm MM fibers, respectively. In both cases, 
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perfect self-imaging (γ > 0.99) cannot be obtained. However, a quasi-reproduction of the 

input field with a self-imaging quality factor  γ > 0.9 still occurs at certain positions 

inside the MM fiber. For example, a self-image of the input field with γ > 0.97 can be 

obtained at z = 10.3 mm in the 50 μm or 43.28 mm in the 105 μm MM fiber, respectively.  

 

 

 

 

 

 

 

 

 

 
Fig. 2.9. Self-imaging quality factor γ along the MM fiber 
segment with a core diameter of 50 μm for the input field 
from an SMF-28 fiber. 
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 Fig. 2.10. Self-imaging quality factor γ along the MM 
fiber segment with a core diameter of 105 μm for the input 
field from an SMF-28 fiber.  

 

 

Based on the simulation results of the 25 μm, 50 μm, and 105 μm fibers, it is 

straightforward that the self-imaging quality should reduce with the core diameter of the 

MM fiber segment. To see how the self-imaging quality changes with the core diameter, 

the maximum quality factor γ within a 1-m MM fiber segment with respect to the core 

diameter is plotted in Fig. 2.11. As the core diameter of the MM fiber segment is larger 

than 250 μm, the self-imaging quality reduces evidently with the core diameter. When the 

core diameter is 500 μm, the self-imaging quality factor is only 0.69. 
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 Fig. 2.11. The maximum self-imaging quality factor γmax 
within one meter MM fiber segment of different core 
diameters.  

 

 

2.2.2 Self-imaging length interval 

 

In Figs. 2.9 and 2.10, the self-imaging length interval inside the 50 μm fiber is about 10.3 

mm and that inside the 105 μm fiber is about 43.28 mm. It is obvious that, as the core 

size increases, the self-imaging length interval or the self-imaging period increases 

accordingly, as a result of more excited modes. The variation of the self-imaging length 

interval with the core size of a MM fiber is plotted in Fig. 2.12. Since self-imaging is 
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never 100% perfect, periodical peaks whose values are obviously larger than their 

neighbor peaks are defined as the self-imaging peaks. It is found that the self-imaging 

length interval Lself-imaging increases quadratically with the core diameter dm and Lself-imaging 

= 4040dm
2/mm is a very good approximation. For instance, when the core diameter is 200 

μm, Lself-imaging = 153.8 mm. It means that the length of the MM fiber segment must be 

multiple of 153.8 mm to obtain high quality self-imaging. Because random mode 

conversion, a major factor for MMI fiber device loss, increases with the fiber core size 

and the fiber length, when a large-core MM fiber is used, its length should be chosen with 

more considerations.  

 

 

 

 

 

 

 

 

 

Fig. 2.12. The self-imaging length interval within one 
meter MM fiber segment of different core diameters. 
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2.2.3 Phase difference between excited modes for self-imaging 

 

Because multiple modes (≥ 4) are excited and their propagation constants do not have a 

multiple relationship between each other, it is impossible to find a position exactly 

satisfying the condition defined by Eq. (2.4) within a practical fiber length (several 

meters). However, it is found that self-imaging of the input field can occur when the 

phase differences between the strongly excited modes are slightly different from 2π.  

 

 

 

 

 

 

 

 

 

 Fig. 2.13. Energy percentage of the excited modes and the 
phase differences between the excited modes and the peak 
mode at three self-imaging positions inside the 25 μm MM 
fiber. 
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When the core diameter of the MM fiber is 25 μm, the energy percentage of the 

excited modes and the phase differences between all the other excited modes and the 

peak mode (the excited mode of the highest energy) for three self-imaging peaks are 

plotted in Fig. 2.13. Clearly, when the phase differences between the excited modes are 

less than 0.012π, perfect self-imaging with γ > 0.99 is achieved. And the smaller the 

phase differences, the larger the self-imaging quality factor. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.14. Energy percentage of the excited modes and the 
phase differences at a self-imaging point between the excited 
modes and the mode of highest intensity inside 50 μm MM 
fiber. 
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Fig. 2.15. Energy percentage of the excited modes and the 
phase differences at a self-imaging point between the excited 
modes and the mode of highest intensity inside the 105 μm 
MM fiber. 

 

 

 

In the cases of 50 μm and 105 μm fibers, the energy percentage of the excited modes 

and the phase differences between all the other excited modes and the peak mode for the 

self-imaging peaks at 10.3 mm and 43.28 mm are plotted in Figs. 2.14 and 2.15, 

respectively. Clearly, self-imaging, strictly speaking, the quasi-reproduction of input field, 

can still occur even when the phase differences between the excited modes are slightly 
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different from 2π. For the 50 μm MM fiber almost perfect self-imaging with γ = 0.976 is 

achieved despite phase mismatches up to 0.01π for strongly excited modes and up to 0.1π 

for modes with smaller contributions. For the 105 μm MM fiber almost perfect 

self-imaging with γ = 0.97 is achieved despite phase mismatches up to 0.02π for strongly 

excited modes and up to 0.15π for modes with smaller contributions. 

 

2.2.4 Self-imaging behavior in wavelength representation 

 

In above sections, self-imaging along the MM fiber is analyzed for a specific wavelength. 

However, for an MM fiber segment with a fixed length, reproduction of the input field at 

its output facet can only occur for certain wavelengths (also called self-imaging 

wavelengths). This phenomenon is called spectral filtering effect of MMI. Self-imaging 

occurs when the following condition that derived from Eq. (2.4) is satisfied, 

λnneff mLn =Δ , ,      (mn integer, n = 2, 3, …, N)   (2.7) 

where L is the MM fiber length, λ is the signal wavelength, and πλββ 2)1, −=Δ nneffn （ . 

For instance, for the 50 μm MM fiber with a length of 200 mm, self-imaging with γ > 0.9 

only occurs at 1524 nm and 1579 nm, shown in Fig. 2.16 by the self-imaging quality in a 

wavelength range from 1500 nm to 1600 nm. Seen from Eq. (2.7), it is obvious that the 

self-imaging wavelengths are different for the MM fiber with different lengths. To 
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illuminate the difference, the self-imaging quality of the output from an MMI fiber 

structure shown in Fig. 2.1 with respect to wavelength for MM fiber lengths of 199.8 mm 

and 200.2 mm is also plotted in Fig. 2.16. Clearly, self-imaging moves to shorter 

wavelength as the MM fiber becomes longer. 

 

 

 

 

 

 

 

 

 

Fig. 2.16. Self-imaging quality with respect to wavelength 
for 199.9 mm, 200 mm, and 200.2 mm long 50 μm MM 
fibers, respectively. 

 

 

 

Derived from Eq. (2.7) by taking the differential of λ and L, respectively, two 

important parameters that describe the self-imaging properties in spectrum domain, the 

wavelength interval of self-imaging Δλim and the wavelength shift relative to the change 
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of the MM fiber length dλ/dL, can be given by individual formula for each excited modes 

as follows,  
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Although Δλim and dλ/dL are the collective behavior of each individual excited mode 

expressed by Eq. (2.8) and (2.9) and can be only evaluated from numerical approach, a 

conclusion can be drawn from the above equations that both Δλim and dλ/dL are inversed 

to the length of the MM fiber segment. In other words, the wavelength interval of 

self-imaging decreases with the MM fiber length and the shift of the self-imaging 

wavelength due to the variation of the fiber length is small when the MM fiber segment is 

long. In laboratory, the length control of the MM fiber segment is flexible and oriented if 

Δλim and dλ/dL are known. However, since both parameters defined by Eq. (2.8) and (2.9) 

depend on the total length of the MM fiber segment, it is necessary to define two new 

parameters independent of the fiber length, ΔλimL and dλ/(dL/L). Parameters of 

individual mode, Δλim,nL and dλn/(dL/L), and their collection, ΔλimL and dλ/(dL/L) of the 



 53

50 μm and 105 μm fiber are plotted in Figs. 2.17-2.20, respectively. Based on the 

behavior of the individual parameters and their collective behavior, the following 

conclusions can be drawn for ΔλimL and dλ/(dL/L) : (1) wavelength dependence of ΔλimL 

is very small; (2) dλ/(dL/L) is negative, indicating that the self-imaging wavelength shifts 

towards shorter wavelength as the fiber length increases; (3)  ΔλimL of the 50 μm fiber 

is smaller than that of the 105 μm fiber; and (4) |dλ/(dL/L)| of the 50 μm fiber is larger 

than that of the 105 μm fiber. 

 

 

 

 

 

 

 

 

 

 Fig. 2.17. Individual parameters Δλim,nL and their 
collective behavior ΔλimL of the 50 μm fiber are plotted in 
a wavelength range of 1.5-1.6 μm.  
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 Fig. 2.18. Individual parameters dλn/(dL/L) and their 
collective behavior dλn/(dL/L) of the 50 μm fiber are 
plotted in a wavelength range of 1.5-1.6 μm.  

 

 

 

 

 

 

 

 

 

Fig. 2.19. Individual parameters Δλim,nL and their 
collective behavior ΔλimL of the 105 μm fiber are plotted 
in a wavelength range of 1.5-1.6 μm. 

 



 55

 

 

 

 

 

 

 

 

 
Fig. 2.20. Individual parameters dλn/(dL/L) and their 
collective behavior dλn/(dL/L) of the 105 μm fiber are 
plotted in a wavelength range of 1.5-1.6 μm. 
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2.3 Experimental Investigation of Self-imaging in Multimode Optical Fibers 

 

In Section 2.2, the self-imaging properties of MM fibers have been analyzed theoretically. 

In this section, the self-imaging properties are experimentally investigated. The key 

parameters to describe the self-imaging properties defined in Section 2.2 have also been 

evaluated quantitatively for the 50 μm and 105 μm fiber.  

 

2.3.1 Direct observation of self-imaging inside an MM fiber 

 

Since the light is guided inside the fiber core, it is hard to observe the self-imaging effect 

with a side view. In order to give a direct view of the intensity profile changing with 

positions inside the MM fibers, dozens of the 50 μm fiber segments with different lengths 

are prepared. The intensity profile is recorded by an infrared CCD camera by a setup 

shown in Fig. 2.21. 

 

 

 

 

Fig. 2.21. Experiment setup for directly observing 
self-imaging in MM fibers. 
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The MM fiber segments are cleaved with different lengths around 49.1 mm, a 

self-imaging peak predicted by the calculation shown in Fig. 2.22. The intensity profiles 

at the fiber facet of the MM fiber segments are shown in Fig. 2.23. Clearly, when the MM 

fiber length is much far from the self-imaging position, the self-imaging quality is bad 

and the energy is distributed in a large region of the cross-section of the MM fiber. As the 

MM fiber segment length approaches the self-imaging position, the energy is almost 

accumulated at the central spot and the intensity profile resembles closely an input field 

from the SMF-28 fiber.    

 

 

 

 

 

 

 

 

 

 Fig. 2.22. Calculated self-imaging quality with respect to 
the position around 49.1 mm for the 50 μm fiber. 
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 Fig. 2.23. Intensity profiles at positions around 49.1 mm 
inside the 50 μm fiber.  

 

Based on the analyses in Section 2.2, the essence of MMI fiber lasers and amplifiers 

is to accurately control the length of the MM fiber segment, i.e., the length should 

correspond exactly to the self-imaging positions shown in Figs. 2.8-2.10. Based on the 

self-imaging peak shown in Fig. 2.22 and the intensity profile shown in Fig. 2.23, we can 

conclude that, a tolerance of < 100 μm on length is required for a self-imaging quality γ > 

0.9. It should be noted that, cleaving a fiber of tens of centimeters long with an accuracy 

of 10 μm can be achievable with commercial laboratory equipments. 



 59

2.3.2 Spectral filtering effect of MMI and its properties 

 

Spectral filtering effect of MMI indicates that self-imaging occurs only for certain 

wavelengths which satisfy the condition expressed by Eq. (2.7). To experimentally 

investigate the behavior of self-imaging in the wavelength domain, the transmission 

spectrum of an MMI structure, as illustrated in Fig. 2.24, is measured with the length of 

the MM fiber segment varied. A fiber-coupled white light source is employed as the input 

source and SMF-28 is used for the SM fiber segments.  

 

 

 

 

Fig. 2.24. Experimental setup for the transmission 
spectrum measurement of an MMI structure. 

 

 

 

The transmission spectra of the MMI structure incorporating 50 μm and 105 μm MM 

fibers were measured for two different lengths of 20 cm and 100 cm of the MM fiber 

segment and are shown in Figs. 2.25 and 2.26. It is obvious that high transmission 

happens only at certain wavelengths. And the experimental results agree well with the 
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predictions based on Eqs. (2.8) and (2.9) that are discussed above, i.e., the wavelength 

interval of self-imaging Δλim in the L = 100 cm long MM fiber is smaller than that in the 

L = 20 cm long MM fiber and the wavelength interval of self-imaging in the 105 μm 

fiber is larger than that in the 50 μm fiber because, as mentioned above, ΔλimL of the 105 

μm fiber is larger than that of the 50 μm fiber.  

 

 

 

 

 

 

 

 

 

 Fig. 2.25. Transmission spectra of MMI structures with 
fiber lengths of 20 cm and 100 cm and with a fiber core 
diameter of 50 μm.  
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 Fig. 2.26. Transmission spectra of MMI structures with 
fiber lengths of 20 cm and 100 cm and with a fiber core 
diameter of 105 μm.  

 

To obtain the values of ΔλimL and dλ/(dL/L) of self-imaging in the 50 and 105 μm 

MM fiber, MM fiber segments with different lengths were cut down with length intervals 

of 0.5 - 1 cm and the transmission spectra of the corresponding MMI structures were 

measured. The wavelength interval Δλim and the wavelength shift dλ/dL for 1 cm change 

of the MM fiber length can be obtained from the measured transmission spectra. The 

experimental results of Δλim and dλ/dL for the 50 and 105 μm fiber are plotted in Figs. 

2.27 and 2.28, respectively. Here, self-imaging wavelengths are defined as periodical 
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transmission peaks with values larger than those of its neighboring peaks. The parameters 

ΔλimL and dλ/(dL/L) can be obtained through fitting the experimental data with a 

reciprocal function. As shown in Figs. 2.27 and 2.28, ΔλimL of the 50 and 105 μm fiber 

are 1735.8 and 13583 nm·cm, respectively and dλ/(dL/L) of the 50 and 105 μm fiber are 

-1745 and -1672.4 nm, respectively. It should be noted that, since dλ/(dL/L) slightly 

depends on the wavelength, as shown in Figs. 2.18 and 2.20, the values we obtained are 

the average of dλ/(dL/L) in the wavelength range of 1.5-1.6 μm. 

 

 

50 μm 
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Fig. 2.27. The self-imaging wavelength interval of the 
MMI structure with different MM fiber lengths for the 50 
μm and 105 μm fiber, respectively. 
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Fig. 2.28. The self-imaging wavelength shift for 1 cm 
change of the fiber length of the MMI structure with 
different MM fiber lengths for the 50 μm and 105 μm 
fiber, respectively. 

 

 

 

 

2.3.3 Direct observation of self-imaging for different wavelengths 

 

As have been demonstrated above, self-imaging quality changes with the signal 

wavelength for an MM fiber segment with a fixed length. In order to directly observe the 

self-imaging of the MM fiber, the field intensity distribution at the facet of the MM fiber 

segment of an experiment setup, as depicted in Fig. 2.21, was measured. A fiber-coupled 
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single-frequency semiconductor laser with a wavelength-tunable range of 1456-1584 nm 

was employed as the input source. The intensity distributions at the MM fiber output 

facet and of the corresponding far-field pattern were recorded by an infrared CCD camera. 

Self-imaging in the MM fiber was observed by tuning the wavelength of the input signal. 

After recording the intensity distribution, the transmission spectrum of the corresponding 

MMI structure was also measured by splicing the whole fiber segment to a SM fiber 

segment and using the experimental setup shown in Fig. 2.24. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.29. The intensity distribution of the facet of the 50 
μm MM fiber segment of a MMI structure when a tunable 
single-frequency signal is launched and the transmission 
spectrum of the corresponding MMI structure.  
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When a 15.0 cm long 50 μm MM fiber was used, the transmission spectrum and some 

typical intensity profiles at the MM fiber facet are shown in Fig. 2.29. Obviously, 

different intensity distributions were observed due to the complicated interference among 

the excited modes in the 50 μm MM fiber. When the signal wavelength λ equals 1513, 

1531, 1540, 1557, or 1584 nm, the field has a very bright spot at the center of MM fiber 

and the corresponding transmission is large. Especially, at 1557 nm, the transmission is 

maximum (- 0.75 dB) in the wavelength range and the intensity distribution at the MM 

fiber facet resembles the input field of the SM fiber. Therefore, 1557 nm is regarded as 

the self-imaging wavelength, and the low-intensity image of the MM fiber facet, the 

corresponding three-dimensional plot, and the far-field image are shown in Fig. 2.30. All 

results indicate that high-quality self-imaging can be obtained in the 50 μm MM fiber. 

 

(b) (a) (c)  

 

 

 

 
Fig. 2.30. The facet image, its three-dimensional plot, and 
the far-field image of the 50μm MM fiber segment of a 
MMI structure when a signal of 1557 nm is input. (a) MM 
fiber facet image; (b) Three-dimensional plot of (a); (c) 
Far-field image. 

 

 



 66

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.31. The intensity distribution of the facet of the 105 
μm MM fiber segment of a MMI structure when a tunable 
single-frequency signal is launched and the transmission 
spectrum of the corresponding MMI structure.  

 

 

 

When a 4.3 cm long 105 μm fiber was used in the same experiment, the self-imaging 

wavelength was found to be 1575 nm. At other wavelengths, intensity distributions with a 

number of rings were observed and were more complicated than those in the 50 μm MM 

fiber. The transmission spectrum and some typical intensity profiles at the MM fiber facet 

are shown in Fig. 2.31. For the self-imaging wavelength of 1575 nm, the image of the 
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intensity distribution at the MM fiber facet, the corresponding three-dimensional plot, 

and the far-field image are shown in Fig. 2.32. Comparing the facet and the far-field 

intensity distributions in Figs. 2.30 and 2.32, it can be concluded that self-imaging in the 

105 μm fiber is not as good as that in the 50 μm fiber. 

 

 

(b) (a) (c) 
 

 

 

 

 Fig. 2.32. The facet image, its three-dimensional plot, and 
the far-field image of the 105 μm MM fiber segment of a 
MMI structure when a signal of 1557 nm is input. (a) MM 
fiber facet image; (b) Three-dimensional plot of (a); (c) 
Far-field image. 
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2.4 Discussion and Conclusion 

In this chapter, principle and properties of the self-imaging effect and the spectral 

filtering effect of MMI in the MM fibers have been described and investigated. Some key 

parameters to describe self-imaging in the MM fibers also have been evaluated. 

 Although Ulrich pointed out that self-imaging is an inherent property of MM 

waveguides, in comparison to the case of planar waveguides, MMI of optical fibers 

exhibit a different behavior. When the core diameter of the MM fiber segment is 25 μm, 

MMI in the fiber is relatively simple and an almost perfect reproduction of the input SM 

field from an SMF-28 fiber can be obtained because only four modes are strongly excited 

in the MM segment and most of energy is contained in the LP0,1 and LP0,2 modes. As the 

core diameter increases, more modes are excited and MMI becomes rather complicated. 

In general, perfect self-imaging of the input field from an SMF-28 SM fiber cannot be 

obtained in large-core MM fibers and the self-imaging quality decreases evidently as the 

core size larger than 250 μm. However, when the core diameter of the MM fiber is 

smaller than 250 μm, our calculations show that a reproduction of the input SM field with 

a self-imaging quality factor of 0.9 or larger is achievable.  

Transmission spectrum of the MMI fiber structure and the direct observation of 

self-imaging at the MM fiber facet indicate that an MMI-based fiber laser or amplifier 

utilizing a rare-earth doped MM fiber can offer SM emission when its length has been 
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precisely controlled to make self-imaging occur at the splice point between an SM fiber 

and the rare-earth doped MM fiber.  
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CHAPTER 3  

MMI-BASED FIBER LASERS AND AMPLIFIERS 

 

The self-imaging effect in multimode (MM) waveguides implies that, for a single-mode 

(SM) field incident on the input facet of an active MM waveguide, in-phase multimode 

interference (MMI) results in an amplified SM field at the self-imaging plane in the MM 

waveguide. Applying self-imaging to obtain SM emission from an active MM planar 

waveguide has been proposed and demonstrated as a route to overcome the constraints of 

an active single-mode (SM) waveguide [29]-[34]. Although MMI in cylindrical optical 

fibers is more complicated than that in planar waveguides, the calculations and the 

experiments in Chapter 2 have shown that high quality reproduction of the input SM field 

can happen when a few modes are excited in the MM fiber segment. Therefore, in 

analogy to MMI planar waveguide lasers, an efficient MMI fiber laser or amplifier with 

single-mode output is feasible when the MM fiber length is precisely controlled.  

In this chapter, the concept of utilizing the self-imaging effect to achieve 

single-transverse-mode output from a rare-earth doped MM fiber is introduced and 

demonstrated by use of a highly efficient diode-pumped MMI fiber laser consisting of a 

short Er/Yb codoped phosphate MM fiber with a core diameter of 25 μm and a 

conventional SM fiber (SMF-28). Subsequently, MMI-based fiber lasers and amplifiers 
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utilizing large-core rare-earth doped silica MM fibers are proposed and analyzed. Using 

an SM fiber with a large mode-field-area to improve the self-imaging quality and 

consequently the efficiency of an MMI large-core fiber laser is also suggested and 

demonstrated. 
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3.1 The First Demonstration of an MMI-based Fiber Laser 

 

As have been demonstrated in Chapter 2, when an MM fiber is sandwiched by two SM 

fibers and the length of the MM fiber segment is precisely controlled to enable 

self-imaging of the input field, high transmission of the fundamental mode field of the 

SM fiber through the MM fiber can be obtained. A typical transmission spectrum of a 20 

cm Er/Yb codoped phosphate MM fiber spliced with two SMF-28 fibers is shown in Fig. 

3.1. For certain wavelengths, self-imaging of the input diffraction-limited field occurs 

and the propagation loss is only about 1 dB. Therefore, an MMI fiber laser cavity with 

low round-trip loss can be constructed by just splicing an SM fiber onto a 

rare-earth-doped MM fiber. Because the transmission spectrum of an MMI fiber laser 

cavity shifts as the length of the MM fiber changes, an efficient fiber laser with 

diffraction-limited emissions is achievable by just precisely controlling the length of the 

active MM fiber to overlap the transmission peak with the gain peak of the active ions, as 

illustrated in Fig. 3.1.  
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Fig. 3.1. Gain profile of a heavily Er/Yb codoped 
phosphate fiber and the transmission spectrum of an MMI 
cavity with 20-cm-long 50 μm MM fiber.  

 

 

 

The design of our MMI fiber laser is schematically shown in Fig. 3.2. A 

10.236-cm-long active MM phosphate fiber with a cladding of 125 μm is spliced to a 

1-m-long section of SMF-28. The MM core is codoped with 1 wt% Er2O3 and 8 wt% 

Yb2O3, respectively. The core diameter is 25 μm and the numerical aperture of the fiber 

is 0.17, which correspond to a normalized frequency V ≈ 8.7. Propagation of 

approximately 30 modes (including two polarizations each) is supported in this MM 
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active fiber. The active fiber along with ~10 cm stripped SMF-28 is hold in a straight 

silicon U-groove which is cooled by a water chiller. The remaining 90 cm of SMF-28 are 

not stripped so that any cladding modes that might be excited by the modes of the MM 

fiber can be effectively suppressed through absorption by the outer coating and absolutely 

diffraction-limited output is ensured. 

 

 

 

 

 

 

 

Fig. 3.2. Design of the MMI fiber laser (the figure is not to 
scale). 

 

 

 

The pump source is a 976 nm beam-shaped laser diode arrays coupled by a multimode 

pump delivery fiber which has a 105 μm core diameter, a numerical aperture of 0.22, and 

a 125 μm outer diameter. A dichroic coating, which has high reflectivity at the laser 

wavelength and high transmission at pump wavelength, is deposited on the fiber 
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end-facet. The pump delivery fiber is butt-coupled to the MM active fiber. Note that the 

length of the MM phosphate fiber section is precisely controlled to an accuracy of better 

than 10 μm. For a 10-cm-long 25 μm MM fiber, a length deviation of 10 μm results in a 

transmission maximum shift of ~ 0.1 nm. A transmission peak around 1535.5 nm is 

obtained for the test hybrid cavity with a 10.236-cm-long active MM fiber that overlaps 

well with the maximum gain of the active fiber.  
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Fig. 3.3. Output power as a function of launched pump 
power for a MMI fiber laser as shown in Fig. 2 (red 
squares), a single-polarization MMI fiber laser (green 
circles), and a free-running MM fiber laser without SM 
section (blue triangles). 
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The output power of this MMI fiber laser as a function of launched pump power is 

shown in Fig. 3.3 as red squares and compared to the signal powers of a free running MM 

fiber laser without SMF-28 section (blue triangles) and another type of MMI fiber laser 

with an additional fiber Bragg grating (FBG) spliced to the SMF-28 fiber (green dots). 

All lasers have an active MM fiber section of ~10 cm. The MMI fiber laser reaches a 

maximum output power of more than 1 W that is limited by the available pump power. 

The slope efficiency is about 8.1% which is very close to 9.2%, the efficiency of its 

free-running counterpart MM fiber laser without a single mode section. A part of this 

difference might be attributed to imperfect splicing between the phosphate fiber and the 

silica fiber which results in some coupling losses.  

The spectra of the output corresponding to different pump levels are plotted in Fig. 

3.4. In contrast to the multi-wavelength operation due to MMI effects in passive MM 

fiber which has been reported in [35], we observe only a single emission peak with a 

3-dB bandwidth clearly below 0.5 nm. Small bandwidth, single-peak emission of this 

MMI fiber laser indicates the spectral filtering effect of MMI during in-phase operation, 

and the implications of the particular gain profile of heavily Er/Yb codoped phosphate 

fiber as shown in Fig. 3.1. It is also observed that the emission peak moves towards 

shorter wavelengths and the bandwidth slightly broadens with increasing pump power. 
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The blue-shift of the laser peak should result from the increased MM fiber length due to 

thermal expansion at high pump levels. Some spectral broadening may be caused by a 

larger number of oscillating longitudinal laser modes.  
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Fig. 3.4. Emission spectra of an MMI fiber laser at various 
pump power levels.  
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Furthermore, utilizing the spectral filtering effect of MMI, single-polarization SM 

emission can be obtained from an active MM fiber combined only with a 

polarization-maintaining fiber Bragg grating (PMFBG) without any other polarizing 

element. Note that, in general, to obtain single-polarization output from an all-fiber laser, 

a single-polarization SM fiber that only guides a single polarization state of the 

fundamental mode must be used.  

A PMFBG is fabricated by writing the FBG onto a highly birefringent SM fiber. The 

transmission spectrum of a PMFBG, shown by a dotted green line in Fig. 3.5, always has 

two minima (two reflection peaks) which correspond to the two orthogonal linear 

polarization states. As a consequence, when the PMFBG is spliced with a conventional 

active SM fiber, a spectrum with two narrow-linewidth peaks is usually obtained and the 

output is randomly polarized. However, it is found that, when the PMFBG was splice to 

the output SMF-28 fiber in the MMI laser scheme of Fig. 3.2, a linearly polarized output 

with a 3-dB linewidth less than 0.1 nm was obtained. The linearly polarized output was 

verified by measuring the signal power through a rotating a Glan-Taylor polarizer and a 

polarization extinction ratio of about 21 dB has been measured along the two orthogonal 

directions. The emission spectrum of the single-polarization-state operation is shown as a 

solid red line in Fig. 3.5. The emission peak is exactly correlated to one of the reflection 

peak of the PMFBG.  
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The observed single-polarization-state operation is a direct consequence of the MMI 

filtering effect. The transmission spectrum of the MMI structure corresponding to the 

MMI fiber laser is shown by a dashed black line in Fig. 3.5. The overlap of the 

transmission peak of the MMI structure with the longer wavelength reflection peak of the 

PMFBG prevents the oscillation at the other shorter wavelength reflection peak and leads 

to single-polarization-state operation. Interestingly, when the pump delivery fiber is 

displaced a few tens of microns away from the in-contact butt-coupling position, an 

output spectrum with two peaks separated by about 0.4 nm was observed and is shown by 

a short dashed line in Fig. 3.5. Consequently, the output became randomly polarized. This 

phenomenon is caused by a shift of the MMI transmission peak into the center between 

the two reflection peaks of the PMFBG due to the longer MMI cavity. In this situation 

both polarization states were able to reach the lasing threshold and oscillate in the MMI 

laser cavity. Single-polarization-state operation at the shorter reflection peak of the 

PMFBG can also be obtained by moving the pump delivery fiber even further away. 

However, the output power becomes much lower because of the poor coupling of the 

pump light. 
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Fig. 3.5. Transmission spectra of a PMFBG (dotted green 
line) and a MMI structure consists of a 20 cm long 25 μm 
Er-Yb codoped MM phosphate fiber and two SMF-28 
fibers (dashed line), respectively, and the output spectrum 
of a MMI fiber laser operating at single-polarization-state 
(solid red line) and random polarization-state (short 
dashed line), respectively. 

 

 

 

 

When the MM fiber length was accurately controlled, single-polarization-state was 

maintained even at the maximum pump level. The linearly polarized signal power as a 

function of pump power is shown in Fig. 3.3. The 7.9% slope efficiency of the MMI fiber 

laser in single-polarization operation (circle) is only slightly less than that of its 

randomly-polarized MMI fiber laser counterpart (square) and the MM fiber laser 

counterpart (triangle). The single-polarization-state operation of this MMI fiber laser may 
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be more difficult to maintain as the pump power becomes much higher. However, when a 

larger-core or a longer active MM fiber laser is used, single-polarization-state operation 

with much higher output is still possible since the filtering bandwidth of the 

corresponding MMI structure becomes narrower and the filtering isolation becomes much 

larger. 

It is worth noting here that, in all previous schemes of mode discrimination in fiber 

lasers with MM sections [11-20], only the fundamental mode of the MM section is 

oscillating in the fiber laser cavity. In our MMI fiber laser, however, several transverse 

modes are oscillating in the MM fiber section and they constructively interfere at the 

splice point between SM and MM fiber section where they are transformed into the 

fundamental mode of the SM fiber. Therefore, the active mode volume of our MMI fiber 

laser is increased significantly compared to any fundamental mode selection technique. 

Furthermore, MMI fiber lasers are easy to construct and do not need any 

specially-designed fibers. Especially, because of the intrinsic properties of MMI, narrow 

linewidth and linearly polarized output can be obtained from MMI fibers without using 

any spectral filter and polarizing component. Most importantly, the beam quality of the 

output of MMI fibers and amplifiers is only determined by the guiding property of the 

output SM fiber. The beam quality (M2) of the first MMI fiber laser was measured to 

1.01.   
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3.2 High Power MMI-based Fiber Lasers and Amplifiers 

 

Although the first MMI fiber laser provided a perfect beam quality (M2 = 1.01), an 

efficiency close to that of the MM fiber laser counterpart, and a narrow emission 

linewidth. However, the output of this MMI fiber laser was limited to watt-level by the 

large background loss of rare-earth doped phosphate fiber and the available pump power. 

Further power scaling may also be hampered by the small active core diameter (25 μm) 

and the low transition temperature (~ 600oC) of phosphate glass. Therefore, high power 

MMI fiber lasers and amplifiers can be built with active large-core (> 50 μm) MM silica 

fibers because their background loss is much lower than that of phosphate fibers and 

silica glass has a much higher transition temperature (> 1600oC) than phosphate glass. 

 It is also noted that, in the first demonstration of the MMI-based fiber laser, a piece 

of 10 cm long active MM phosphate fiber with a core diameter of 25 μm was selected 

under a consideration of alleviating the mode conversion inside the MM fiber segment. 

When the length and the core diameter of the MM fiber segment are small, the effect of 

random mode conversion induced by internal perturbations, such as core 

inhomogeneities, geometrical imperfection, and microbending, is negligible. As the core 

diameter and the length of the MM fiber segment increase, the effect of random mode 

conversion becomes significant. Therefore, random mode conversion in large-core MM 
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fibers is investigated first in this section. Then the features of high power MMI-based 

fiber lasers and amplifiers, such as slope efficiency, output spectrum, and beam quality, 

are investigated through simulation and experiments. Finally, the method of improving 

the self-imaging quality and reducing the loss of random mode conversion for large-core 

MM fibers by use of an SM fiber with a large mode-area is demonstrated. 

 

3.2.1 Loss of random mode conversion 

 

Ideally, each of the excited LP0, n modes propagates independently along the MM fiber 

and the self-imaging quality mostly determines the round-trip loss of an MMI fiber cavity. 

However, due to internal perturbations, such as core inhomogeneities, geometrical 

imperfection, and microbending, the energy contained at the excited LP0,n modes 

inevitably converted to other modes as a consequence of mode coupling. To measure the 

loss due to the random mode conversion in large-core MM fibers, the transmission at a 

self-imaging wavelength for different MM fiber lengths is obtained from the cutback 

experiment described in section 2.3.2 and is plotted in Figs. 3.6 and 3.7 for the 50 μm and 

105 μm fibers, respectively. Because the background loss of the passive MM fiber used 

in the experiments is very small (< 0.01dB/m in the wavelength range of 1.5-1.6 μm), the 

loss caused by the random mode conversion in the MM fiber can be estimated from the 
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slope of a linear fitting of the data shown in Figs. 3.6 and 3.7. The loss due to the mode 

conversion in the 50 μm fiber is about 1.28 dB/m and about 1.67 dB/m in the 105 μm 

fiber.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6. Transmission at the self-imaging wavelength for 
MMI structures consisting of 50 μm MM fibers with 
different lengths and an SMF-28. 
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Fig. 3.7. Transmission at the self-imaging wavelength for 
MMI structures consisting of 105 μm MM fibers with 
different lengths and an SMF-28. 

 

 

 

 

3.2.2 Efficiency of high power MMI fiber lasers 

 

Since the MM fiber of the first MMI fiber laser has a small core and a short length, the 

fiber cavity loss due to imperfect self-imaging and random mode conversion is negligible. 
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Consequently, the efficiency of the MMI fiber laser is very close to that of the 

corresponding MM fiber laser because. As the core diameter or the length of the MM 

fiber increases, the cavity loss will increase evidently due to the worse self-imaging 

quality shown in Chapter 2 and the random mode conversion shown in section 3.2.1. To 

understand how these two factors affect the operation of an MMI fiber laser, the power 

distribution inside the fiber cavity and the slope efficiency of an MMI fiber laser and its 

MM fiber laser counterpart can be investigated through simulations by combing a Rigrod 

analysis and a Digonnet model [36]. Although the cavity configuration and the oscillating 

modes inside the MM fiber segment are not identical for the MMI fiber laser and the MM 

fiber laser, we assume that this does not change the lasing dynamics and our simulation 

based on effective absorption coefficients, cross sections, and excitation lifetimes is 

applicable to compare slope efficiencies between the MMI and MM fiber lasers.  

In order to obtain high power from an MMI fiber laser, the parameters of a low-loss 

MM silica fiber codoped with Er and Yb ions are used in our calculations. According to 

the setup of an MMI fiber laser shown in Fig. 3.2, the reflectivities of the cavity mirrors 

are R1 = 99% and R2 = 4% for the dielectric mirror and the cleaved SM fiber end facet, 

respectively. Using a Rigrod analysis and a Digonnet model, the governing equations for 

forward power P+(z) and backward power P-(z) in the cavity can be expressed as follows: 
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In the above equations, z represents the position in the fiber cavity. The pump power 

propagates according to Pp(z) = Pp(0)exp[-(αa+αp )z]  after PP(0) is the launched into the 

MM fiber section. Here, αa is the effective absorption coefficient and αp is the 

background loss of the fiber at the pump wavelength of 975 nm. αL is the background 

loss at the laser wavelength of 1535 nm and αmc is the loss due to the random mode 

conversion. Af is the cross-sectional area of the fiber core, σs the stimulated cross-section, 

τf the excitation lifetime of the upper laser level, hvp the pump photon energy, hvL the 

laser photon energy, Fp the spatial overlap integral between pump and signal modes, Ps = 

(hvL/σsτf)Af the saturation output power, and P0= NhvL(πΔvL/2) the spontaneous 

emissions associated with N photons in the gain bandwidth ΔvL. 

The 4th Runge-Kutta method was used to do iterative calculations to solve the coupled 

differential equations for forward and backward powers in a cavity of length Lf. By using 

the boundary conditions P+(0) = R1PP

-(0) and P-( L ) = R P+
f 2 P (Lf) the decision condition for 

the boundary values in our simulations are given by 
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In addition, self-imaging quality at the splicing point zsp is assumed leading to PSM
+(zsp) = 

ηPMM
+( zsp) and PMM

-(zsp) = PSM
-( zsp). PSM is the power inside the SM fiber, PMM is the 

power inside the active MM fiber, and η is the power coupling efficiency from the MM 

fiber to the SM fiber.  

The values of the parameters used in our simulations were set as αp = 6.5×10-2 m-1; αL 

= 3.2×10-2 m-1; σs = 5.7×10-25 m-3; τf = 11 ms; and Fp = 0.95 for the MM fiber. The 

effective absorption coefficient αa has been calculated from the core absorption divided 

by the ratio between the area of the pump cladding and the area of the core. Although a 

core absorption of 1000 dB/m can be achieved in an Er-Yb codoped silica fiber and such 

a fiber laser has resulted in a slope efficiency of 41% [38], in our calculation the core 

absorption coefficient is set to be 300 dB/m since it is large enough for a MMI fiber laser. 

This absorption can be adjusted and optimized varying the Yb doping level in the active 

fiber core. 

It is assumed that a commercial 105-μm-core fiber-coupled laser diode with an output 

power of 75 W is employed as the pump source. When a 50 μm MM fiber is used in the 

MMI structure, the loss due to mode conversion was measured to be 1.28 dB/m and η 

was -0.5 dB. In Fig. 3.8, the forward power and the backward power inside the MMI 

fiber laser that consists of a 50 cm long active MM fiber and a 10 cm long SMF-28 fiber 
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are plotted. For comparison, the forward power and the backward power inside the 50 cm 

long MM fiber laser without the SMF-28 section are also plotted. Obviously, the powers 

inside the MM fiber segment of the MMI fiber laser are smaller than those of the MM 

fiber laser due to the loss of random mode conversion and the output power of the MMI 

fiber laser is further reduced due to the imperfect self-imaging. 
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 Fig. 3.8. Forward powers (solid lines) and backward 
powers (dotted lines) inside a MMI fiber laser that consists 
of a 50 cm long 50 μm active MM fiber and a 10 cm long 
SMF-28 fiber (blue) and inside its corresponding 50 cm 
long MM fiber laser (red). 
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When a 105 μm MM fiber is used in the MMI structure, the loss due to mode 

conversion was measured to be 1.67 dB/m and η was -1 dB. In Fig. 3.9, the forward 

power and the backward power inside the MMI fiber laser that consists of a 50 cm long 

MM active fiber and a 10 cm long SMF-28 fiber and inside the corresponding 50 cm long 

MM fiber laser are plotted, respectively. Due to mode conversion and imperfect 

self-imaging, the output power from the MMI fiber laser is only 65% of that of the 

corresponding MM fiber laser.  
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Fig. 3.9. Forward powers (solid lines) and backward 
powers (dotted lines) inside a MMI fiber laser that consists 
of a 50 cm long 105 μm active MM fiber and a 10 cm long 
SMF-28 fiber (blue) and inside its corresponding 50 cm 
long MM fiber laser (red). 
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In Fig. 3.9, it is clear that the pump is almost absorbed within the first 10 cm active 

fiber because of the effective core pumping scheme. Therefore, the length of the 105 μm 

active MM fiber segment can be as short as 10 cm. For this case, the forward powers and 

the backward powers inside the MMI fiber laser and the corresponding 10 cm long MM 

fiber laser are plotted in Fig. 3.10. Note that the output power of the 105 μm MMI fiber 

laser reaches 75% of that of the corresponding MM fiber laser. 
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 Fig. 3.10. Forward powers (solid lines) and backward 
powers (dotted lines) inside a MMI fiber laser that consists 
of a 10 cm long 105 μm active MM fiber and a 10 cm long 
SMF-28 fiber (blue) and inside its corresponding 10 cm 
long MM fiber laser (red). 
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When the active MM fiber segment is 50 cm long, the output power with respect to 

the pump power for the MMI fiber lasers and their corresponding MM fiber lasers are 

plotted in Fig. 3.11. Because of the loss due to mode conversion and imperfect 

self-imaging, the slope efficiencies of the 50 μm and the 105 μm MMI fiber laser are 

77% and 65% of those of their corresponding MM fiber lasers, respectively. When the 

active 105 μm MM fiber segment is 10 cm long, the output power with respect to the 

pump power for the MMI fiber lasers and their corresponding MM fiber lasers are plotted 

in Fig. 3.12. The slope efficiencies of the 105 μm MMI fiber laser are 75% of that of the 

corresponding MM fiber lasers.  

 

 

 

 

 

 

 

 
Fig. 3.11. Output power with respect to the pump power for 
a MMI fiber laser that consists of a 50 cm long 50 μm 
(circle) or 105 μm active MM fiber (downward triangle) and 
a 10 cm long SMF-28 fiber and their corresponding 50 cm 
long MM fiber lasers (square and upward triangle, 
respectively). 
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Fig. 3.12. Output power with respect to the pump power 
for a MMI fiber laser that consists of a 10 cm long 105 μm 
active MM fiber and a 10 cm long SMF-28 fiber (triangle) 
and the corresponding 10 cm long MM fiber laser 
(square). 

 

 

 

 

 

3.2.3 Spectrum of MMI fiber lasers 

 

Due to the filtering effect of MMI, the output spectrum of an MMI fiber laser always 

exhibits a unique feature − the MMI fiber laser only oscillates at wavelengths that satisfy 

the self-imaging condition. Therefore, the output spectrum of an MMI fiber can be tuned 

by changing the length of the MM fiber segment. In the first 10 cm MMI fiber laser, a 
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spectrum with only one peak was observed as shown in Fig. 3.4. When an active MM 

fiber section with a length of 15 cm was used in the same MMI laser setup, a spectrum 

with two peaks (blue line) was observed as shown in Fig. 3.13. In comparison, one 

spectrum (red line) from Fig. 3.4 and a typical spectrum of an MM fiber laser (black line) 

are also plotted in Fig. 3.13. Since there is no self-imaging around 1543 nm, there is no 

oscillation of the 10 cm MMI laser at this wavelength. Because the self-imaging 

wavelength shifts with the length of the MM fiber segment, the output spectrum from an 

MMI fiber laser can be tailored through the length of the MM fiber section.  

 
10 cm long MMI laser 

15 cm long MMI laser 

10 cm long MM laser  

 

 

 

 

 

 

 

 

Fig. 3.13. Spectrum of an MMI fiber laser that utilizes a 
10 cm long 25 μm Er-Yb codoped phosphate fiber (red 
line), that of an MMI fiber laser that utilizes a 15 cm long 
25 μm Er-Yb codoped phosphate fiber (blue line), and  
that of the corresponding MM fiber laser (black line). 
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3.2.4 Beam quality of MMI fiber lasers and amplifiers 

 

When a standard SM fiber is used as the output fiber as shown in Fig. 3.2, the output 

beam is strictly diffraction-limited and the beam quality (M2) is equal to that of the SM 

fiber and can reach 1. In contrast to other methods of obtaining SM emission from MM 

active fiber, MMI fiber lasers not only offer a perfect beam quality, but also provide a 

flexible connectivity by using a standard SM fiber as the output delivery fiber.  

 

 

 

 

 

 

 
Fig. 3.14. Depiction of a proposed high-power MMI fiber 
amplifier in which the MM fiber is employed as the output 
fiber.  

 

 

On the other hand, an MMI fiber amplifier can also operate in a configuration as 

shown in Fig. 3.14 in which the MM active fiber itself serves as the output fiber. In this 

case, the output power will be very close to that of the corresponding MM fiber laser. But 
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the beam quality may be ruined due to imperfect self-imaging and random mode 

conversion. In order to investigate the beam quality of the output in this situation, a 

tunable semiconductor was employed as the input signal and a passive MM fiber was 

used to replace the active MM fiber. As shown in Fig. 3.15 (a), the beam quality of the 

output at the self-imaging wavelength reached about 1.1 when a 50 μm MM fiber was 

used. When a 105 μm MM fiber was used, the beam quality of the output at the 

self-imaging wavelength was slightly worse, but still reaching about 1.3. It is noted that 

the M2 measurement is truly meaningful only when the signal is at the self-imaging 

wavelength where a near-Gaussian beams are generated. At other wavelengths, the output 

beam from the MM fiber exhibits a complicated profile with special propagation 

properties that will be discussed in Chapter 4. 

 

 
(a) (b)

 

 

 

 
Fig. 3.15. Beam profiles of proposed high-power MMI 
fiber amplifiers depicted in Fig. 3.14. (a) M2 was about 1.1 
when a 50 μm MM fiber was used; (b) M2 was about 1.3 
when a 105 μm MM fiber was used. 
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3.2.5 Improve the efficiencies of large-core MMI fiber lasers and amplifiers 

 

As analyzed above, the efficiencies of MMI fiber lasers and amplifiers are mainly 

restricted by the self-imaging quality and the loss of random mode conversion. The 

calculations in section 3.2.2 show that the slope efficiency of the 105 μm MMI fiber laser 

is about 75% of that of the corresponding MM fiber laser. As the core size becomes larger, 

the efficiency will be much lower due to the worse self-imaging and the stronger random 

mode conversion.  

However, it is found that both the self-imaging quality and the loss of random mode 

conversion of large-core MM fibers can be improved by replacing the SMF-28 with a 

passive SM fiber with a large mode-field-area (MFD). Our calculations indicate that 

fewer guided modes are excited inside the MM fiber segment as the MFD of the input 

SM fiber increases and, as a consequence, the self-imaging quality is increased 

correspondingly. When the MFD of the input SM fiber is 23 μm and 40 μm, the number 

of the excited modes in the 105 μm MM fiber segment reduces to 7 and 5, respectively, 

as compared to 14 excited modes for a SMF-28. In the two cases, the self-imaging quality 

factor γ along the 105 μm MM fiber is plotted in Figs. 3.16 and 3.17, respectively. 

Comparing to the self-imaging quality in Fig. 2.10, not only is the self-imaging quality 

improved, but also the tolerance on the fiber length is relaxed. The relaxed tolerance 
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regarding the length of the MM segment can also be attributed to fewer excited modes in 

the MM fiber segment. When the MFD of the input SM fiber is 40 μm, a tolerance of 1 

mm is enough to obtain a self-imaging quality higher than 0.9, as compared to a tolerance 

of 100 μm when the SM fiber is an SMF-28.. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.16. Self-imaging quality factor γ along a MM fiber 
segment with a core diameter of 105 μm when the input 
SM fiber has an MFD of 23 μm.
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 Fig. 3.17. Self-imaging quality factor γ along a MM fiber 
segment with a core diameter of 105 μm when the input 
SM fiber has an MFD of 40 μm. 

 

 

To evaluate the improvement of self-imaging via an SM fiber with a large MFD, a 

passive SM fiber (LMFD-10) with a core diameter of 10 μm and a NA of 0.07 (i.e., about 

23 μm of the MFD) was used to replace the SMF-28 in Fig. 2.24. The result of a cutback 

experiment for an MMI fiber structure consisting of the LMFD-10 SM fiber and the 105 

μm MM fiber is shown in Fig. 3.18. In comparison, the result of the MMI fiber structure 

consisting of the SMF-28 fiber and the 105 μm MM fiber is also shown in Fig. 3.18. 

Obviously, the use of LMFD-10 not only improves the transmission at the self-imaging 
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wavelength significantly (i.e., improvement of the self-imaging quality), but reduces the 

loss of the mode conversion as well. Comparing to 1.67 dB/m with the SMF-28 fiber, the 

loss due to the random mode conversion with the LMFD-10 fiber was only 0.5 dB/m. 

 

 

 

 

 

 

 

 

Fig. 3.18. Transmission at the self-imaging wavelength for 
MMI structures consisting of 105 μm MM fibers with 
different lengths and a LMFD-10 fiber (circle) or an 
SMF-28 fiber (square).  

 

 

 

 

In order to see the improvement of the efficiency of an MMI fiber laser utilizing the 

LMFD-10 fiber, the output power with respect to the pump power for a 10 cm long 105 

μm MM fiber laser, an MMI fiber laser consisting of the 10 cm long 105 μm MM fiber 

and a 10 cm long SMF-28 fiber, and an MMI fiber laser consisting of a 10 cm long 105 
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μm MM fiber and a 10 cm long LMFD-10 fiber are plotted in Fig. 3.19, respectively. 

When the SMF-28 fiber is used, the slope efficiency is 76% of the corresponding MM 

fiber laser. When the LMFD-10 fiber is used, the slope efficiency is increased to 87% of 

the corresponding MM fiber laser. The efficiency of the MMI fiber laser is expected to be 

much closer to that of its corresponding MM fiber laser if the random mode conversion 

and the self-imaging quality are further improved. 

 

 

 

 

 

 

 

 

 
 
 
 

Fig. 3.19. Output power with respect to the pump power 
for a MMI fiber laser that consists of a 10 cm long 105 μm 
active MM fiber and a 10 cm long SMF-28 fiber 
(triangle), or a 10 cm long LMFD-10 fiber (circle), and the 
corresponding 10 cm long MM fiber laser (square). 
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3.3 Discussion and Conclusion 

 

Although MMI in MM fibers is more complicated than that in planar waveguides, 

quasi-reproduction of the input SM field with a high self-imaging quality can still be 

achieve. In analog to the MMI-based planar waveguide lasers, the approach to achieve 

single-transverse-mode output from an active MM fiber by utilizing the self-imaging 

principle of MMI effects has been demonstrated. Efficient and stable emission of the 

fundamental mode with narrow bandwidth from the MMI fiber laser has been achieved.  

  In general, perfect self-imaging of the input field from an SMF-28 fiber cannot be 

obtained in large-core MM fibers. Our calculations show that a reproduction of the input 

SM field with a self-imaging quality factor of 0.9 or larger is achievable when the core 

diameter of the MM fiber is smaller than 250 μm. It implies that a MMI-based large-core 

fiber laser or amplifier with trip-loss smaller than 1 dB can be constructed. Although 

additional loss caused by random mode conversion becomes significant as the large-core 

MM fiber length is long, our experiments in section 3.2.1 indicate that, a trip-loss < 2 

dB/m can be obtained in the 50 μm fiber and < 3 dB/m can be obtained in the 105 μm 

fiber, respectively. Both values are much smaller than the background loss of rare-earth 

doped phosphate fibers. Therefore, rare-earth doped silica MMI fiber lasers and 
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amplifiers will be more efficient than the first MMI fiber laser utilizing highly Er/Yb 

codoped phosphate fiber.  

Our calculations and experiments also show that the self-imaging quality and the 

mode conversion in very-large-core MM fibers (> 100 μm) can be improved via SM 

fibers with large MFD. Technically, it is easier to fabricate a passive SM fiber with large 

MFD than the active counterpart. Moreover, the SM fiber segment in an MMI fiber laser 

or amplifier can be very short, therefore it might not be necessary to consider the bending 

loss that typically sets a limit for the core size of an active SM fiber. Therefore, using SM 

fibers with large MFD is a feasible route to improve the performance of very-large-core 

MMI fiber lasers and amplifiers.  

It should be pointed out that the MM fiber segment of an MMI fiber laser or amplifier 

must be kept straight to avoid the additional loss of mode conversion caused by 

macro-bending, so the fiber cavity should be always shorter than 1 meter in practice. We 

notice that, in recent years, rod-type fiber lasers [10, 38] can generate hundreds watts 

output from short-length active fibers (tens of centimeters). Therefore, high power MMI 

fiber lasers or amplifiers are of much practicability.  

In conclusion, MMI fiber lasers and amplifiers possess unique features that make 

them excellent candidates for compact and miniature solid-state lasers. Tens or even 

hundreds of watts true single-mode emission can be generated from only a few tens of 
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centimeters long MMI fiber lasers and amplifiers. Due to the short fiber cavity, MMI 

fiber lasers and amplifiers are well-suitable for Q-switched or narrow-linewidth signal 

generation or amplification, because in these cases stimulate Raman scattering and 

stimulated Brillouin scattering limit the performance of fiber devices with a long fiber 

cavity. 
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CHAPTER 4  

NONDIFFRACTING BEAM GENERATION 

 

Diffraction is a well-known optical phenomenon associated with changes of the 

amplitude and/or phase of the light as it encounters an obstacle. Diffraction pattern is 

created as a consequence of the interference of parts of the wavefront that propagate 

beyond the obstacle. Diffraction affects the propagation of Gaussian light beam in 

free-space and causes its intensity profile to spread out. The diffractive spreading 

becomes increasingly noticeable at distances beyond the Rayleigh range defined by 

λ
π 0wZR = ,                         (4.1) 

where w0 is the beam waist size and λ is the light wavelength. Diffraction sets a limit that 

makes it impossible to simultaneously obtain a beam with very narrow waist and a long 

nondiffracting propagation distance (longer than the Rayleigh range). Durnin showed the 

possibility of diffraction-free beams with special field distributions, so-called Bessel 

beams [39], whose central spot can be extremely narrow, on the order of one wavelength, 

without being subject to diffractive spreading. It is found that the beams coming from 

MMI fiber structures exhibit nondiffracting propagation like Bessel beams. The exciting 

finding can be used to produce high power nondiffracting beams and a variety of optical 

traps from compact and flexible fiber devices. 
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In this chapter, the concept of Bessel beam is introduced first. Then the principle of 

generating nondiffracting beams from an MMI fiber device is presented. Last, high power 

nondiffracting beams generating from an active MMI fiber device is proposed.  
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4.1 Bessel Beams 

 

Bessel beam was first noted by Durnin [39, 40] when he examined the exact solution to 

the homogeneous Helmholtz equation in the cylindrical coordinates 
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where kr = (k2-β2)1/2, k = 2π/λ, and β is the propagation constant. Eq. (4.2) is obtained by 

substituting a separable complex amplitude a(r,φ,z) = R(r)Φ(φ)exp(iβz) into the 

source-free Helmoholtz equation 

0),,()( 22 =+∇ zyxak .                        (4.3) 

The function Φ(φ) describing azimuthal dependence of the transverse amplitude profile 

of the beam must be periodical and is assumed to be 

)exp()( φφ im±=Φ , m = 0, 1, 2, …                (4.4) 

The physical solutions to Eq. (4.2) are the m-th order Bessel functions of the first kind 

Jm(krr). Therefore, the beam described by the electric field E(r,φ,z,t) = 

Jm(krr)exp(±imφ)exp(iβz) is called Bessel beam and is propagation invariant in free space 

because its intensity profile does not change as the beam propagates 

)0,,()(),,()0,,( 22 ====≥ zrIrJzrEzrI m φφφ .        (4.5) 

The intensity profile of a zeroth-order Bessel beam (m = 0) is shown in Fig. 4.1 and 

has a very bright central spot. The amount of energy contains in each ring of the Bessel 
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distribution is almost equal to the amount of energy contains in the central spot. 

Therefore, the power density in the central spot is much higher than that in the concentric 

rings. The high-order Bessel beams have a phase singularity on the beam axis and hence 

have a nondiffracting dark core. The intensity profile for a first-order Bessel beam is 

shown in Fig. 4.2. It is worthy noting that a high-order Bessel beam carries an orbital 

angular momentum that equals to mh . In the past two decades, zeroth-order Bessel 

beams have been most intensively investigated.  

  

 

 

 

 

 

 

 

 

 

 Fig. 4.1. Intensity profile of a zeroth-order Bessel beam. 
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 Fig. 4.2. Intensity profile of a first-order Bessel beam. 

 

Because the field E(r,φ,z,t) of an Bessel beam extends to infinite and is not square 

integrable, therefore an ideal Bessel beam is not physically realizable. However, it is 

possible to generate an approximated or apertured Bessel beam whose central pattern 

shows a remarkable small diffraction spreading on propagation. The propagation of an 

apertured field of the Bessel beam shown in Figs. 4.1 with a diameter of 100 μm is 

plotted in Fig. 4.3. Clearly, the central spot is significantly resistant to the diffractive 

spreading in contrast to the propagation of a Gaussian beam that is confined in a same 

 



 110

area as the central region of the Bessel field (the Rayleigh range of the corresponding 

Gaussian beam is about 13 μm).  

 

 

 

 

 

 

 

 

 

 
Fig. 4.3. Radial intensity profile of the Bessel beam shown 
in Fig. 4.1 in the propagation direction.  

 

Propagation invariance of the intensity profile of Bessel beams can be explained as a 

result of a set of plane waves propagating on a conic surface (illustrated in Fig. 4.4). 

Mathematically, the angular spectrum of a Bessel beam is a ring in k-space described by 

the Dirac delta function δ(k-kr). Thus the optical Fourier transform of a ring will result in 
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a Bessel beam, and this is the basis of most methods of generating an approximated 

Bessel beam in literature.  
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 Fig. 4.4. (a) Angular spectrum of a Bessel beam; (b) the 
k-vectors of the Bessel beam propagate on a conic surface 

 

 

The radius of the central bright spot r0 is given by the first zero-point of the Bessel 

function and can be written as 

rk
r 405.2
0 = .                           (4.6) 

Therefore, the larger the opening angle of the cone defined by the waves traversing its 

surface, the smaller the central spot. Evanescent Bessel beams [41] can have a tiny 

central spot because its radial vector kr can be larger than the k vector. Note that, intensity 

of evanescent Bessel beams decays rapidly although their transverse shape can be 

maintained at a long distance. 
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Another interesting property of the Bessel beam is self-healing, i.e., the beam can 

resist against amplitude and phase distortions. When an opaque obstacle is placed in the 

center of the beam, the intensity profile of the incident beam can be reformed after a 

distance given by 

zk
akz
2min ≈                             (4.7) 

where a is the radius of the obstruction. When an opaque obstacle is placed 25 μm behind 

the source shown in Fig. 4.1, the reconstruction of the original field can be accomplished 

at about 25 μm behind the obstacle, as shown in Fig. 4.5. 

 

 

 

 

 

 

 

 

 
Fig. 4.5. Reconstruction of a Bessel beam when its central 
spot is blocked by an obstruction.   
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Bessel beams have been intensively investigated in the past two decades because of 

their many practical and potential applications, such as optical driving [42-44], particle 

guiding and manipulation [45-47], nonlinear optics [48, 49], waveguide generation [50], 

optical interconnection [51], interferometry [52], microfabrication [53], and lithography 

[54]. Although an ideal Bessel beam is impossible to be realized experimentally, a variety 

of methods of generating an approximated Bessel beam with finite field area have been 

demonstrated in literature [40, 55-67].  

Most common techniques are based on the physics explanation that a Bessel beam 

results from the interference of plane waves propagating on a conic surface. In the first 

observation of the Bessel beam, an annular aperture was placed at the focal plane of a 

lens [40, 68] as shown in Fig. 4.6. However, this method is rather inefficient because 

most of the incident power is obstructed by the annular slit. And the on-axis intensity of 

the beam oscillates rather widely before falling off rapidly at the end of the propagation 

distance. A Bessel beam can be created using an axicon [55, 68], or conical lens element, 

as shown in Fig. 4.7. The use of an axicon is an efficient and the best known method of 

generating Bessel beams. Especially, the rapid on-axis intensity oscillation associated 

with the annular slit method is removed. By imprinting the appropriate phase of a Bessel 

beam onto an incoming Gaussian beam, efficient Bessel beam can be generated using 

static, etched hologram or computer-generated hologram [56-58]. Some special 

 



 114

techniques, such as utilizing localized modes [59] and parametric frequency doubling 

[60], can generate Bessel beams from cavities.  

 

 

 

 

 

 

 

Fig. 4.6. Durnin’s first demonstration of Bessel beam [68] 
 

 

 

 

 

 

 

 

 

 Fig. 4.7. Bessel beam generated by use of an axicon lens 
[68]. 
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Recently, several techniques different from the common concept have been proposed, 

such as using an opaque disk [61] and a tunable acoustic gradient index of refraction lens 

[62]. However, all these methods mentioned above are bulk optics, free-space elements 

and require careful alignment. 

 In order to overcome the disadvantage of bulk elements and offer the possibility of 

producing Bessel-like beams with a compact fiber device, microaxicons [63-65] and 

whispering gallery mode resonators [66] fabricated on the fiber end have been proposed. 

But their manufacturing process is costly, complicated, and difficult to control. Very 

recently, Ramachandran [67] demonstrated a novel method to generate Bessel-like beam 

from an optical fiber with a long-period fiber Bragg grating inscribed into its core. This 

method, however, needs special equipments to fabricate the grating. 

In next section, we present an extremely simple and low-cost method to generate 

non-diffractive beams from optical fibers. In contrast to any previously demonstrated 

device, the beam generated from our fiber device can be easily manipulated. Moreover, 

as a consequence of multimode interference, the output beam can form a variety of arrays 

that can only be obtained from interfering Bessel beams using complicated optical 

systems [69-73]. 
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4.2 Generation of Nondiffracting Beams from Multimode Fibers 

 

4.2.1 The principle 

 

The method of generating nondiffracting beams from multimode (MM) fibers were found 

while the intensity profile evolution of the beam from the MM fiber of the MMI fiber 

structure shown in Fig. 2.21 was investigated. Therefore, the design of the fiber device to 

generating nondiffracting beams is the same as that shown in Fig. 2.21 and is 

schematically shown in Fig. 4.8. A conventional single-mode fiber is directly spliced 

onto a short-piece of large-core multimode (MM) fiber. Since the performance of this 

fiber device depends on the wavelength of the launched light [34], a single-frequency 

semiconductor laser with a wavelength-tunable range from 1456 to 1584 nm was used as 

the signal source.  

 

 

 

 

 

Fig. 4.8. Design of a fiber device generating nondiffracting 
beams (the figure is not to scale).  
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Based on the fiber device shown in Fig. 4.8, when the LP0, 1 mode (the fundamental 

mode) of the SM fiber is coupled to the MM fiber, only LP0, n modes (n is the radial index) 

are excited due to mode orthogonality and on-axis excitation. Mathematically and 

physically, the fields of the LP0, n modes in the MM fiber core are represented by 

apertured Bessel functions J0(κfnr) with different transverse wave vectors, κfn = 

(nf
2k2-βfn

2)1/2. Here, k = 2π/λ, nf is the refractive index of the fiber core, and βfn is the 

propagation constant of the LP0, n mode, respectively; r is the radial coordinate and 

smaller than the core radius of the MM fiber R. Because each LP0, n mode propagates 

along the waveguide independently with its own propagation constant, the field at the 

output facet of the MM fiber is the superposition of the Bessel-like fields 

∑
=

−=
N

n

Li
fnnOut

fnerJCLrE
1

0 )(),( βκ     , r ≤ R         (4.8)  

where, L is the MM fiber length, N is the number of the strongly excited modes in the 

MM fiber segment, and Cn is the decomposition coefficient defined by Eq. (2.2) and can 

be rewritten by 
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Because the Bessel fields are the solutions of the Helmholtz equation in circular 

cylindrical coordinates [39], ignoring the Fresnel reflection, the field in the free space can 

be approximately expressed as 
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Where, κn = κfn and βn = (k2-κn
2)1/2. Therefore, as a consequence of superposition of 

multiple Bessel fields, the propagation of the beam in the free-space can be 

diffraction-free and optical arrays can be generated at certain axial regions [69-73]. It 

should be pointed out that Eq. (4.10) only applies for the propagation-invariant field close 

to the optical axis and the entire field should be obtained from the field Eout(r, L) by use 

of diffraction theory. 

 

 

 

 

 

 

 

 

 

 Fig. 4.9. Energy percentage of the strongly excited modes 
inside the MM fiber segment with core diameters of 50 
μm and 105 μm, respective, when the input SM fiber is 
SMF-28, and the intensity profiles of the odd-th excited 
modes inside the 105 μm MM fiber. 
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It should be noted that, the phenomenon of nondiffracting propagation, i.e., the 

intensity profile close to the optical axis maintains its shape in a propagation distance 

much longer than the rayleigh distance defined by Eq. (4.1), is noticeable only when 

higher order LP0, n modes are excited because their mode fields resemble closely a real 

Bessel field. As an illustration, the intensity profiles of the odd-th LP0, n modes inside the 

105 μm MM fiber are plotted in Fig. 4.9. In Fig. 4.9, the energy percentage of the excited 

modes is plotted for the 50 μm and 105 μm MM fibers, respectively, when the input fiber 

is an SMF-28. It is straightforward that the larger the core diameter of the MM fiber, the 

more LP0, n modes are excited and the more energy is coupled to higher LP0, n mode. 

Therefore, a large ratio of the core diameter between the MM fiber and the SM fiber is 

beneficial for confining most energy in a small area for a long propagation distance. 

Although lower order LP0, n mode field do not resemble a nondiffracting Bessel field, 

their field depths are still very long due to their small transverse vectors kr. Therefore 

they can still contribute to the nondiffracting profile through the interference with other 

LP0, n modes. In comparison with other devices to generate a single Bessel field, this fiber 

device can accumulate more energy in the desired nondiffracting patterns or arrays 

(usually the central spot or the first ring). The radial intensity profile evolution of the first 

five LP0, n modes, LP0, 7 mode, and LP0, 9 mode is plotted in Fig. 4. 10. Clearly, for a high 

order mode, its entire beam has a large diverging angle due to the large transverse vector. 

 



 120

Nevertheless, the higher order LP0, n mode exhibits a property of nondiffracting to a 

larger extent than the lower order LP0, n mode. On-axis intensity of the intensity profiles 

shown in Fig. 10 is plotted in Fig. 11. The oscillation of the intensity evolution results 

from the edge effect of the aperture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 121

 

 

 

 

n = 1 n = 2 
 

 

 

 
n = 3 n = 4 

 

 

 

 

n = 5 n = 7 
 

 

 

 
n = 9 

 

 
Fig. 4.10. Radial intensity profile evolution in the 
propagation direction of the first five LP0, n mode, LP0, 7 
mode and LP0, 9 mode.  
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Fig. 4.11. On-axis intensity evolution of the first five LP0, n 
mode, LP0, 7 mode and LP0, 9 mode in the propagation 
direction.  
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4.2.2 Simulations 

 

In order to understand the behavior of the beam generated from the MMI fiber device, 

theoretical calculations based on Eq. 4.8 and the diffraction theory are carried out in this 

section. The field in free space is obtained by the approach of optical transfer function 

(OTF) as follows, 

[ ][ ]))(exp(),(),( 1 ziLrEFTFTzrE out ξκ−= ,           (4.11) 

where FT represents the Fourier transform, FT-1 represents the inverse Fourier transform, 

and ξ is the coordinate in the k-space.  

Because the propagation constants βn and βnf in Eq. (4.10) are wavelength dependent, 

the beam from the MMI fiber device can exhibit varying propagation behaviors for the 

different signal wavelengths. Consequently, the nondiffracting pattern or array generated 

by this fiber device can be easily controlled by changing the wavelength of the 

single-frequency signal. Therefore, wavelength dependence of the beam propagation is 

focused in the simulation.     

When a 10 cm long 50 μm MM fiber is used, the intensity profile at the fiber facet 

and the radial intensity evolution in the propagation direction for several typical 

wavelengths are plotted in Figs. 4.12-4.14. Clearly, a variety of optical arrays are formed 
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for different wavelength signals. On-axis intensity of the beam shown in Figs. 4.12-4.14 

is plotted in Figs. 4.15-4.17 accordingly.  

When the wavelength is 1510 or 1550 nm, the beam propagates in free space for a 

long propagation distance with high on-axis intensity. When the wavelength is 1520, 

1585, or 1595 nm, dark optical traps are formed. When the wavelength is 1540, 1555, or 

1590 nm, bright optical traps can be obtained. When the interesting wavelength is 1575 

nm, two dark optical traps and one bright optical trap can be generated. 
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(a) λ = 1510 nm 
 

 

 

 

 
Facet intensity profile Radial intensity evolution 

 (b) λ = 1520 nm 

 

 

 

 
Facet intensity profile Radial intensity evolution 

 
(c) λ = 1540 nm 

 

 

 

 

 Facet intensity profile Radial intensity evolution 

 Fig. 4.12. Facet intensity profile and radial intensity 
evolution of the beam coming from the 50 μm MMI fiber 
device when the signal wavelength is 1510, 1520, and 
1540 nm, respectively.   

 

 



 126

 (a) λ = 1550 nm 

 

 

 

 
Facet intensity profile Radial intensity evolution 

 
(b) λ = 1555 nm 

 

 

 

 

Facet intensity profile Radial intensity evolution  

 (c) λ = 1575 nm 

 

 

 

 
Facet intensity profile Radial intensity evolution 

 

 Fig. 4.13. Facet intensity profile and radial intensity 
evolution of the beam coming from the 50 μm MMI fiber 
device when the signal wavelength is 1550, 1555, and 
1575 nm, respectively.  
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 (a) λ = 1585 nm 

 

 

 

 
Facet intensity profile Radial intensity evolution 

 
(b) λ = 1590 nm 

 

 

 

 

Facet intensity profile Radial intensity evolution  

 
(c) λ = 1595 nm 

 

 

 

 

 
Facet intensity profile Radial intensity evolution 

 Fig. 4.14. Facet intensity profile and radial intensity 
evolution of the beam coming from the 50 μm MMI fiber 
device when the signal wavelength is 1585, 1590, and 
1595 nm, respectively.  
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Fig. 4.15. On-axis intensity of the beam coming from the 
50 μm MMI fiber device when the signal wavelength is 
1510, 1520, and 1540 nm, respectively.  

 

 

 

 

 

 

 

 

 

 

Fig. 4.16. On-axis intensity of the beam coming from the 
50 μm MMI fiber device when the signal wavelength is 
1550, 1555, and 1575 nm, respectively.  
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Fig. 4.17. On-axis intensity of the beam coming from the 
50 μm MMI fiber device when the signal wavelength is 
1585, 1590, and 1595 nm, respectively.  
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Since the length of the 50 μm MM fiber is not close to a self-imaging position, the 

self-imaging effect in free space cannot be observed. In the following simulation of 105 

μm MM fiber, therefore, a fiber length very close to a self-imaging position of 43 mm is 

used. The intensity profile at the fiber facet and the radial intensity evolution in the 

propagation direction for several typical wavelengths are plotted in Figs. 4.18-4.20. 

Clearly, for wavelengths shorter than 1550 nm, one optical trap like that focused by a 

conventional lens can be obtained due to the self-imaging effect in free space. The optical 

trap goes closer to the fiber facet as the wavelength becomes longer and its trap length 

becomes shorter as well. On-axis intensity of the beam shown in Figs. 4.18-4.20 is 

plotted in Figs. 4.21-4.23 accordingly. When the wavelength is longer than 1550 nm, 

clustering optical traps with very small dimension can be obtained.  

The simulation results of the 50 μm and the 105 μm fibers indicate the beams coming 

from the MMI fiber device can be controlled or selected by changing the signal 

wavelength or the MM fiber length. The wavelength dependence of the propagation 

behavior can be utilized to generate flexible optical traps that may have a promising 

application in particle trapping.  
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(a) λ = 1500 nm  

 

 

 

 
Facet intensity profile Radial intensity evolution 

 
(b) λ = 1510 nm 

 

 

 

 

Facet intensity profile Radial intensity evolution 
 

 (c) λ = 1520 nm 

 

 

 

 
Facet intensity profile Radial intensity evolution 

 

 Fig. 4.18. Facet intensity profile and radial intensity 
evolution of the beam coming from the 105 μm MMI fiber 
device when the signal wavelength is 1500, 1510, and 
1520 nm, respectively.  
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(a) λ = 1530 nm  

 

 

 

 Facet intensity profile Radial intensity evolution 

 

(b) λ = 1540 nm  

 

 

 

 Facet intensity profile Radial intensity evolution 

 
(c) λ = 1550 nm 

 

 

 

 

Facet intensity profile Radial intensity evolution  

 
Fig. 4.19. Facet intensity profile and radial intensity 
evolution of the beam coming from the 105 μm MMI fiber 
device when the signal wavelength is 1530, 1540, and 
1550 nm, respectively.  
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(c) λ = 1560 nm  

 

 

 

 Facet intensity profile Radial intensity evolution 

 
(c) λ = 1570 nm 

 

 

 

 

Facet intensity profile Radial intensity evolution  

 
(c) λ = 1580 nm 

 

 

 

 

Facet intensity profile Radial intensity evolution  

 
Fig. 4.20. Facet intensity profile and radial intensity 
evolution of the beam coming from the 105 μm MMI fiber 
device when the signal wavelength is 1560, 1570, and 
1580 nm, respectively.  
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Fig. 4.21. On-axis intensity of the beam coming from the 
105 μm MMI fiber device when the signal wavelength is 
1500, 1510, and 1520 nm, respectively.  

 

 

 

 

 

 

 

 

 

 

Fig. 4.22. On-axis intensity of the beam coming from the 
105 μm MMI fiber device when the signal wavelength is 
1530, 1540, and 1550 nm, respectively.  
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Fig. 4.23. On-axis intensity of the beam coming from the 
105 μm MMI fiber device when the signal wavelength is 
1560, 1570, and 1580 nm, respectively.  
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4.2.3 Experimental results 

 

In order to measure the intensity profile evolution in the propagation distance, an 

objective lens with a large numerical aperture is used to magnify the optical field. The 

transverse intensity profile of the generated beam is recorded by an infrared camera. The 

objective lens and the CCD cameral can be moved forward or backward together to 

record the intensity profile at selected positions. 

In Fig. 4.24, for the signal of 1545 nm and 1570 nm, the intensity profiles at selected 

planes are shown for the beam from a 10 cm 50 μm MM fiber segment. Clearly, the 

propagation of the beam from the fiber device exhibits a very small diffraction. When the 

signal wavelength is 1545 nm, the nondiffracting pattern near the fiber facet is a very 

bright ring (a bottle beam [70]) and changes to a bright central spot after a propagation of 

50 μm. At the position of 150 μm it goes back to a bright ring and then changes to a 

bright spot again at 250 μm. Clearly, three-dimensional optical traps are formed in this 

case. When the signal is 1570 nm, however, the nondiffracting pattern is always a bright 

on-axis spot as a result of constructive addition at the center. The on-axis intensity 

relative to its maximal value at selected distances from the MM fiber facet is plotted in 

Fig. 4.25 for the two nondiffraction beams. In comparison, the intensity evolution of the 

beam from the SMF-28 fiber is also plotted in Fig. 4.25 (black squares). For the beam 
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coming from the SMF-28 fiber, the peak intensity reduces to a half value after 

propagating ~50 μm as a consequence of diffraction. However, for the 1570 nm beam 

coming from the MMI fiber device, the peak intensity of the central spot can be 

maintained above half of its maximal value for a propagation distance of more than 400 

μm. It should be emphasized that, different from a single Bessel beam in which each ring 

contains energy nearly equal to that of the central spot, for the beam generated from this 

fiber device, most of the energy can be accumulated in the desired nondiffracting pattern. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.24. Intensity profiles at selected distances from the 
MM fiber facet for signal wavelengths of (a) 1545 nm and 
(b) 1570 nm, respectively. 
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 Fig. 4.25. On-axis intensity at the selected distances from 
the MM fiber facet for signal wavelengths of 1545 nm 
(blue triangles) and 1570 nm (red circles), respectively, 
and from a SMF-28 fiber (black squares). 

 

 

 

In Fig. 4.26, the intensity profiles at selected planes are shown for the beam from a 

43.2 cm long 105 μm MM fiber segment for four typical cases. When the signal 

wavelength is 1510 nm, a bottle beam can be obtained at positions around 250 and 500 

μm, respectively, and an on-axis bright spot at other regions. When the signal wavelength 

changes from 1560 nm to 1580 nm, it is found that the on-axis bright spot starts closer to 

the MM fiber facet and its nondiffracting pattern maintains longer accordingly. The 
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relative on-axis intensity for the four cases is plotted in Fig. 4.27. Comparing the results 

in Fig. 4.25 and Fig. 4.27, it is obvious that the nondiffracting propagation distance of the 

beam from 105 μm fiber is much longer than that from 50 μm. For the 1580 nm beam, 

the on-axis intensity can be maintained above half of its maximal value for propagation 

distance of more than 800 μm. Because the larger ratio between the core diameters of the 

SM fiber and the MM fiber, higher LP0, n modes are excited, we can predict that much 

longer diffraction-free distance can be obtained when a smaller core SM fiber or a larger 

core MM fiber is used.  

Although both the length of the 50 μm and the 105 μm MM fiber segments are 

chosen the same as those used in the calculations, the beam propagation behavior of the 

experiment is not exactly the same as that of the simulations. It should attribute to the 

slight difference between the MM fiber length in the experiment and the desired length. 
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Fig. 4.26. Intensity profiles at selected distances from the 
MM fiber facet for signal wavelengths of (a) 1510 nm, (b) 
1560 nm, (c) 1570 nm, and (d) 1580 nm, respectively. 
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 Fig. 4.27. On-axis intensity at the selected distances from 
the MM fiber facet for signal wavelengths of 1510 nm 
(blue triangles), 1560 nm (red squares), 1570 nm (green 
circles), and 1580 nm (blue triangles), respectively. 

 

 

 

 

Since the phase difference between the excited LP0, n modes depends on the total 

length of the MM fiber segment, the dependence of the beam profile on wavelength also 

shows critical relation with the MM fiber length. When the MM fiber length is long, the 

beam profile varies fast with a change of signal wavelength. And the beam profile varies 

 



 142

slowly with a change of signal wavelength when the MM fiber length is short. Therefore, 

the beam profile from the fiber device can be easily and flexibly controlled through a 

proper MM fiber length and a signal wavelength.  

The self-healing property of the beam from the MMI fiber device is also investigated 

by placing a needle with a diameter of about 100 μm to block the center of the magnified 

beam after an objective lens, as shown in Fig. 4.28. The intensity profile at selected 

planes behind the needle is shown in Fig. 4.29. Clearly, the central spot is totally 

reconstructed when the beam propagates about 10 cm beyond the needle. The 

reconstruction of the nondiffracting beam can be applied for trapping particles at different 

planes [45].  

 

 

 

 

 

 

Fig. 4.28. Experimental setup to investigate the 
self-healing property of the nondiffracting beam generated 
from the fiber device. 
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 Fig. 4.29. Beam profiles at selected positions behind the 
plane of the needle for the case of blocking (upper row) 
and unblocking (lower row), respectively.  
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4.3 High Power Nondiffracting Beams Generation 

 

The method of generating nondiffracting beams from MM fibers has been demonstrated 

experimentally and theoretically. Considering recent progress of high power fiber lasers 

and amplifiers, this technique can be applied to generate high power micron-size 

nondiffracting beams, which may have considerable applications in nonlinear optics, 

high-energy physics, atomic optics, and micro-fabrication. In general, a small-core input 

fiber is required to generate a small-size central spot. When the input fiber has a small 

core size, the launching power will be limited accordingly. In addition to extreme 

simplicity and controllability, big benefit of MMI fiber device is that the fiber segment 

can be active and the signal can be amplified. Therefore, high power nondiffracting 

beams can be obtained from the MM fiber in the designs shown in Figs. 4.30-4.31. In Fig. 

30, a short-piece of passive MM fiber can be splice to an active SM fiber. The signal is 

amplified through SM launching fiber and converted into a diffractionless beam via MMI 

inside the passive MM fiber. In Fig. 31, the MM fiber is active and provides the gain. The 

advantage of this design is that the constraints of SM active fiber can be overcome.  
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Fig. 4.30. A proposed active fiber device generating high 
power diffraction-free beams (SM fiber provides the gain).   

 

 

 

 

 

 

 

 

 
Fig. 4.31. A proposed active fiber device generating high 
power diffraction-free beams (MM fiber provides the 
gain). 
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4.4 Discussion and Conclusion 

 

Because the exclusively excited LP0, n modes are apertured Bessel fields with 

different transverse wave vectors, the beam coming from an MMI fiber device possesses 

the property of nondiffracting propagation like a Bessel beam. As a consequence of 

multiple interference between the excited LP0, n modes, a variety of optical arrays are 

produced. And the construction of the optical array can be easily and flexibly 

manipulated through the parameters of the MMI fiber device, such as the core diameters 

of the SM fiber and the MM fiber and the length of the MM fiber segment. Most 

importantly, the behavior of the nondiffracting beam can easily controlled through 

changing the signal wavelength even after the fiber device has been fabricated. 

Furthermore, the concept of generating nondiffracting beam from MMI fiber devices 

can be combined with other fiber technologies, such as high power fiber lasers and 

amplifiers, fiber sensors, fiber optical communications. And a lot of novel applications 

using the nondiffracting beams will bloom.   
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CHAPTER 5  

SUMMARY AND PROSPECT 

 

5.1 Summary 

 

The research of this thesis is mainly based on MMI fiber devices that generally consist of 

a multimode (MM) fiber and one or two single-mode (SM) fibers. The physics of the 

MMI fiber devices has been studied thoroughly and their properties have been 

investigated in detail. Achievement of single-transverse-mode emission while utilizing 

rare-earth doped MM fibers and generation of nondiffracting beams using large-core MM 

fibers have been accomplished with MMI fiber devices 

Theoretically, self-imaging, i.e., exact reproduction of the input field, can occur 

periodically in the MM waveguide as a consequence of in-phase MMI. However, it is 

impossible to realize perfect reproduction of the input field within a practically long MM 

fiber when many modes are excited because the propagation constants of the excited 

modes in the MM fibers do not have multiple relationships between each other like the 

case of planar waveguides. Nevertheless, close resemblance of the input field with a large 

self-imaging quality can be obtained periodically along the MM fiber when the phase 

differences between the strongly excited modes are very small. Utilizing the self-imaging 
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effect, an MMI fiber laser has been demonstrated as a route to obtain true SM emission 

with a beam quality equal to that of a strict SM fiber. Moreover, due to the spectral 

filtering effect, the spectrum of the MMI fiber laser is much narrower than that of the 

corresponding MM fiber laser and can be tailored through control of the MM fiber length. 

The spectral filtering effect was also used to achieve linearly polarized SM output from 

an MMI fiber laser using a polarization-maintaining fiber Bragg grating.  

Although the first MMI fiber had an efficiency very close to that of the MM fiber 

laser counterpart, the slope efficiency was smaller than 10% due to the large background 

loss of the phosphate fiber. The 25 μm fiber core would also be a potential limit of the 

power scaling of an MMI fiber laser or amplifier. Therefore, large-core silica fibers 

should be candidates for future high power MMI fiber lasers or amplifiers. Calculations 

predicted that high-efficiency high power MMI fiber lasers using rare-earth doped silica 

fibers could be realized when the self-imaging quality is improved and the random mode 

conversion is suppressed by use of an SM fiber with a large mode-field diameter. 

Due to mode orthogonality and on-axis excitation, only LP0, n modes are excited in 

the MM fiber segment. Because LP0, n modes are actually described by apertured Bessel 

functions, the beam coming from the MM fiber segment exhibit resistance to diffraction 

spreading like a Bessel beam. It is found that the larger ratio of the core size between the 

SM fiber and the MM fiber, the longer the nondiffracting propagation distance. As a 
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result of MMI, a variety of optical traps are formed at different positions in the 

propagation direction. Most importantly, the propagation behavior of the nondiffracting 

beam is wavelength dependent. Therefore, the beam coming from an MMI fiber device 

can be flexibly controlled by changing the signal wavelength. The propagation properties 

of the nondiffracting beams have been investigated experimentally and theoretically in 

this thesis. Considering high power MMI fiber lasers and amplifiers, simple MMI fiber 

devices to generate high power nondiffracting beams are proposed.  
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5.2 Prospect 

 

Because macro-bending will enhance the mode conversion effect and increase the fiber 

cavity loss rapidly, the MMI fiber lasers and amplifiers must be kept straight. The loss of 

random mode conversion also restricts the length of a MMI fiber laser or amplifier to tens 

of centimeters. Both geometrical aspects make an MMI fiber laser or amplifier like a 

rod-type fiber laser or amplifier [10, 38, 74] from which hundreds of watts output has 

been achieved. Therefore, hundreds of watts MMI fiber lasers and amplifiers are feasible 

by use of recent or next generation technologies.  

With recent doping level in silica optical fibers, core absorption of 1000 dB/m can be 

achieved and a slope efficiency of 41% has been demonstrated. Based on my calculations 

in Chapter 3, it is very possible to build a single-longitudinal-mode fiber oscillator with 

output power beyond ten watts or more by use of the MMI fiber laser scheme. In order to 

check the feasibility of the single-longitudinal-mode oscillator based on MMI fiber 

structure, an experiment using a 3 cm long 25 μm Er/Yb codoped phosphate fiber and a 

narrow-band silica FBG was carried out. The experimental setup is shown in Fig. 5.1. 

The output fiber is a SM fiber inscribed with a FBG with a bandwidth of 0.05 nm. The 

other devices are the same as the first MMI fiber laser shown in Chapter 3. The optical 

spectrum and the radio frequency spectrum obtained by a heterodyne measurement are 
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shown in Fig. 5.2 and 5.3, respectively. Clearly, single-longitudinal-mode operation can 

be achieved in this short-length MMI fiber laser. However, the slope efficiency of this 

MMI fiber laser was only 5% because the MM fiber length was not controlled to enable 

high-quality self-imaging. Nevertheless, this experiment indicates that ten-watt level 

single-longitudinal-mode fiber oscillators can be realized via the MMI fiber scheme.  

 

 

 

 

Fig. 5.1. Design of a single-frequency MMI fiber laser.  
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Fig. 5.2. Optical spectrum of the single-frequency MMI 
fiber laser.  
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Fig. 5.3. RF beat signal between the emission of the 
single-frequency MMI fiber laser and a narrow linewidth 
single-frequency diode laser measured by an electrical 
spectrum analyzer.  

 

 

 

 

As the nonlinear phenomena of SBS and SRS become the main hindrance of the 

power scaling of fiber lasers and amplifiers, short-length fiber cavity is a well-known 

solution to these problems. Therefore, MMI fiber amplifiers are well-suitable for 

Q-switched and narrow-linewidth signal amplification. Calculation results in Figs. 5.4 

and 5.5 show the significant improvement of the thresholds for SBS and SRS when a 
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large-core MM fiber is used. Note that, 3 mJ and 100 W Q-switched signal has been 

achieved from a 30 μm rod-type fiber amplifier [74]. It can be predicted that MMI fiber 

amplifiers can not only provide high-beam-quality SM emission but also boost the energy 

and the power of Q-switch signal to an unbeatable level due to their ultra large core 

comparing to large-mode-area core of an SM fiber.    

 

 

 

Lth,SBS=21Aeff/(P×gB)  B

P = 1 kW 
 

 

 

 

 

 

 

 
Fig. 5.4. The fiber length associated with the SBS 
threshold as a function of the fiber core diameter when the 
power is 1 kW.  
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Lth,SRS=16Aeff/(P×gR) 

 P = 1 MW 

 

 

 

 

 

 

Fig. 5.5. The fiber length associated with the SRS 
threshold as a function of the fiber core diameter when the 
power is 1 MW.  

 

 

 

Although only the method of generating nondiffraction beams from MMI passive 

fiber devices has been demonstrated in this thesis, proposed MMI active fiber devices to 

generate high power nondiffracting beams are very feasible. Besides simplicity, 

compactness, and flexibility of the fiber devices, high power output and scalability will 

make proposed MMI active fiber devices much promising for generating high power 

nondiffracting beams that can be extensively used for particle micro-manipulation, 

nonlinear optics, atom optics, and micro-fabrication.  
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