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UNIVERSTIY OF SOUTHAMPTON 
ABSTRACT 

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS 

OPTOELECTRONICS RESEARCH CENTRE 

Doctor of Philosophy 

Hollow optical fibers and W-type fibers for high power laser sources and Suppression 

of the stimulated Raman scattering 

By Jae Sun Kim 

In this thesis, theoretical and experimental studies on hollow optical fibers (HOFs) and 
depressed clad hollow optical fibers (DCHOFs) for cladding-pumped high power fiber laser 
sources, operating at a wavelength range 900 – 1100 nm, are reported. In addition, the suppression 
of the stimulated Raman scattering (SRS) in a single-mode high power fiber-based master 
oscillator power amplifier (MOPA) source, using W-type Yb3+-doped fiber, is also studied. 

The HOF consists of a ring-shaped core around an air hole in the center and a silica cladding. 
Such a fiber geometry can provide a relatively high pump absorption in the cladding- pump 
configuration due to the relatively large-ratio of the core and the cladding as compared to solid core 
fiber. Moreover, the core structure of HOF produces a negative dielectric volume due to the low 
refractive index of the air in the centre of the fiber. It provides a fundamental mode cut-off in a 
finite wavelength, which makes the fiber act as a distributed wavelength filter and it is thus 
possible to suppress the undesired emission at the longer wavelength in the fiber itself. The 
Er3+:Yb3+ co-doped aluminosilicate HOF structure was investigated numerically and 
experimentally. It provided 2.5 W output power with 25% slope efficiency with respect to the 
launched pump power.  

In order to realize a more efficient three (or quasi-three)-level fiber laser operating at shorter-
wavelengths, the DCHOF was designed, which has an additional depressed clad around the ring-
core. Its modal characteristics were investigated through a numerical method. The performance of 
the DCHOF with other filtering fibers such as HOFs and W-type fibers, was also investigated. Next, 
the Nd3+-doped aluminosilicate DCHOF at 930 nm was demonstrated, which generated CW output 
power of 3.3 W with 41% slope efficiency with respect to the launched pump power whilst 
maintaining a diffraction limited beam quality (M2 value = 1.04). Moreover, a Q-switched Nd3+-
doped aluminosilicate DCHOF laser provided the highest pulse energy 133 µJ at 5 kHz repetition 
rate at 927 nm.  

Yb3+-doped alumino-silicate DCHOF was also studied theoretically and experimentally for 
efficient 980 nm laser operation. It generated 3.1 W output power with 34% slope efficiency with 
respect to the launched pump power. The beam quality factor was 1.09. The power was scaled up 
to 7.5 W with 49% slope efficiency with respect to the launched pump power, but the beam quality 
factor was degraded (M2 value = 2.7). In addition, a high power Yb3+-doped alumino-silicate 
DCHOF operating at 1040 nm with a high slope efficiency (81% wrt the absorbed pump power) 
was also demonstrated.  

The suppression of the stimulated Raman scattering (SRS) in a small and single-mode core 
becomes an issue when considering the power scaling of a fiber laser. Here a W-type fiber was 
designed for SRS suppression with the fundamental mode cut-off set, by design, between the signal 
and the 1st order Raman Stokes wavelengths. SRS suppression was demonstrated in a high peak 
power fiber MOPA source with a single-mode output. The maximum peak power achieved was 13 
kW with a small, and single-mode, core fiber without any evidence of SRS occurring. 
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Chapter 1. Introduction 
 
 
 

1-1. Motivation for research 
 

Rare-earth doped fibers based on silica materials have been the subject of a 

tremendous research effort over the past few decades for high power laser source 

applications. The main advantage of using a silica host is that it provides a low propagation 

loss, high gain, large bandwidth and high chemical durability [1-2]. In addition, a large 

surface area to volume ratio in fiber ensures excellent thermal management in a high power 

fiber laser compared to the conventional bulk solid state lasers [3]. Furthermore, the beam 

quality in a fiber laser can easily be tailored by controlling the refractive index profile of 

the doped core. 

For scaling up the output power of fiber lasers, the cladding-pump technology [4-6], 

using double-clad fibers, is the obvious choice and it enables fiber lasers to reach output 

power levels where they can compete with conventional bulk solid state lasers, in many 

applications such as micro-machining, welding and materials processing. In practice, Yb3+-

doped double-clad fibers lasers have produced continuous wave (cw) kW output power 

levels at ~1.1 µm, while maintaining a nearly diffraction-limited beam quality [4-6]. 

Moreover, in a pulsed regime, the average power and peak power was significantly 

increased by a combination of cladding-pump technology and a master oscillator power 

amplifier (MOPA) configuration [10, 70]. However, the relatively low pump absorption in 

double clad fibers, compared to the core-pumping configuration, and the competition with 

the unwanted stimulated emissions still remains a challenge for such a technique. 

Specifically, the realisation of a laser and an amplifier operating at 930 nm based on Nd3+-

doped fiber and 980 nm for a laser based on Yb3+-doped fiber requires improvements in 
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fiber design. Furthermore, the robust generation of a diffraction-limited beam quality in 

high power fiber based sources is still challenging due to fiber core area. The small core 

fiber causes nonlinearities e.g. stimulated Raman scattering (SRS) and stimulated Brillouin 

scattering (SBS) etc significantly, which prohibits further power-scaling. The research 

described in this thesis was targeted towards the development of a fiber waveguide 

structure suitable for generating high power, single-mode output fiber sources at various 

wavelengths.  

In general, laser amplification in rare-earth doped fibers occurs at a strong emission 

band with a high transition strength, while at a relatively weak emission band, the 

stimulated emission is suppressed due to the reduced inverted population of ions. In order 

that the laser can be operated at the weaker emission band in the fiber, the suppression of 

the undesired stimulated emission is required. For this, the bulk-type filter can be used 

externally [7]. However, in some cases, it is ineffective because the amplified stimulated 

emission at the unwanted wavelength can be generated and can consume a large portion of 

the inverted population in the fiber itself, if the gain is high enough at the unwanted 

emission wavelength. On the other hand, the waveguide spectral filter can reduce the gain 

by preventing a build-up of the power at the unwanted wavelength, and thus it is more 

attractive for the laser/amplification at the weaker band. Moreover, it is then also possible 

to make all fiber-based, compact devices. 

Nd3+-doped fiber and Yb3+-doped fiber normally operate at the longer wavelength 

(~1060 nm), where the emission cross section is much larger than the absorption cross 

section. It shows a four (or quasi-four) level characteristic, and in fact, very small portion 

of the population inversion is enough for the laser amplification [8]. However, at the 

shorter wavelength side, the absorption cross section, at which the laser system becomes a 

three (or quasi-three) level system, becomes significant [9]. It requires a much higher 



 

- 4 - 

population inversion state (>50%). Therefore, for the efficient cladding-pumped fiber laser 

operation at the shorter wavelength, a large pump absorption is also one of the important 

issues. Fortunately, most of the multi-mode (low brightness) pump sources consisting of 

laser diode stacks can reach the required power level (several or tens of watts) for such a 

population inversion. However, the high coupling efficiency into the fiber should be also 

considered.  

Currently, in order to increase the coupling efficiency and pump absorption in a 

cladding-pump configuration, a large inner cladding and a large core are the obvious 

choice. However, it is difficult for the waveguide to have the required spectral filtering 

characteristic in the large core because the fundamental mode is guided in the fiber with a 

normal step index structure at all wavelengths without a modal cut-off, even though a 

numerical aperture (NA) is significantly reduced. The low NA and large core fiber is still 

useful for high power fiber lasers in terms of pump absorption and fiber nonlinearity but it 

is very challenging to use it for the suppression of unwanted four-level emissions in a 

three-level or shorter wavelength fiber lasers.  

It is also a critical issue to generate a robust single mode output (a diffraction-

limited beam quality) from the cladding-pumped high power fiber laser. In terms of single-

mode operation, a small and single-mode core fiber is preferred. However, for such fibers, 

fiber nonlinearities become an important issue for very high power (kW level), cw lasers, 

or fiber-based master oscillator – power amplifier (MOPA) sources, to scale up the average 

output power in pulsed mode [10-12]. To date, most of the high power fiber sources use a 

large, low-NA, core and a relatively short fiber in order to mitigate nonlinear effects, such 

as stimulated Raman scattering (SRS) [13]. However, a single-mode core fiber still 

remains the obvious choice for high beam quality. In part IV, the suppression of SRS in a 

waveguide filter will be discussed.  
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In order to address the requirements, as mentioned above, the optical fiber for the 

high power fiber sources should have a relatively larger core, which definitely supports 

only a single mode through the core. If required, it should reject any unwanted emission 

including SRS, at a certain wavelength. For the filtering in the fiber, the waveguide should 

have the fundamental (LP01) mode cut-off in a finite wavelength. In order to do that, the 

average refractive index of the core area should be less than that of the silica cladding 

(inner cladding), which means that the fiber has a negative dielectric volume [14]. In 

addition, the core should be large and be single-mode at the operating wavelength.  

To achieve such characteristics a hollow structure, which consists of a ring-shaped 

core around an air hole in the center, is considered. The low refractive index of the air hole 

(nair = 1) produces the negative dielectric volume which allows for a cut-off of the 

fundamental (LP01) mode, at the desired wavelength. The ring-shaped core can improve the 

pump absorption, contrary to the normal step index fiber, due to the relatively large ratio of 

core area and cladding area [15]. In this thesis, the hollow optical fiber (HOF) and the 

depressed clad hollow optical fiber (DCHOF), will be mainly discussed. Their 

performance for fiber laser sources operating at three or quasi three-level transition will be 

presented.  

 

1-2. Previous studies 

1-2-1. Hollow optical fibers 

The HOF consists of a ring-shaped core around an air hole, a silica cladding and a 

polymer coating as shown in figure 1-1. First one (fundamental mode) of guided modes in 

HOF has a beam profile with zero central intensity, such as a doughnut-shaped beam [16]. 

Such a beam is also called “dark hollow beam (DHB)”, which has various applications in 

optical physics, material and biological science [17]. In addition, in the dark side of the 
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hollow beam, atoms can experience a repulsive potential and then they can be confined 

into the hole in a proper condition [18]. Therefore, it is also used in atom guiding/funneling 

and collimating [18-19] experiments. Because of this interest the electric field distribution 

of the fundamental LP01 mode in the HOF has already been studied and the optical 

potential in the hollow beam has been calculated for atomic guiding [18].  

Besides these, other applications of the HOF were proposed. The light is guided 

through the high index ring-core and so the guided ring-modes can be easily converted to a 

normal Gaussian mode without a significant loss, using the tapering and splicing technique 

of the HOF [20]. This makes possible various applications in optical communication 

systems. A launching condition for multimode fiber bandwidth control in gigabit ethernet 

[20], a mode converter for higher order mode dispersion compensation [21], and a tunable 

wavelength selective filter [22-23] were suggested and also experimentally demonstrated. 

In addition, the birefringence of the elliptical HOF and the availability for polarization 

maintaining (PM) fiber were also investigated [24].  

 

 

The HOF structure is also used for the delivery of high energy-density beams, 

which require different materials for guiding because the high energy beam can cause 

damage to the silica, which is the main material in the fiber.  For this, an other type of HOF 

Figure 1-1. The schematic diagram of the HOF 
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was proposed. It is composed of metal layers such as aluminum (Al) around the hollow 

region. The hole can be filled with air, an inert gas, or kept under vacuum [25]. In this case, 

the guiding mechanism is different from a normal optical fiber because the refractive index 

of the core (air or other gases) is much lower than that of the cladding (metal). The light is 

guided through the hollow core by power reflection or Bragg reflection at the single or 

multi-metal layers [26-27]. Using this kind of HOF, some research groups have 

demonstrated the delivery of laser beams covering the wavelength range from the 

ultraviolet (UV) to the infrared (IR) region [28-30].   

All of these applications were for passive applications. Contrary to these, the HOF 

can produce several useful modal characteristics for active functions such as in laser and 

amplifier applications. First of all, the relatively large area of the ring-core, compared to 

the normal step index fiber, is expected to increase the pump absorption in a cladding-

pump configuration. In 1997-1998, it was demonstrated that the ring-doping technique 

showed a higher efficiency for three-level fiber lasers than for the normal fiber [15, 31]. 

For the high pulse energy, the large gain volume of the ring doped region was more 

attractive [31]. Here, the high energy pulses are not guided through the doped region but 

via the air core in the center, which reduces the overlap between the pulses and the gain 

medium. And thus, the efficiency is degraded. In contrast, the HOF design forces light to 

be guided through the ring-core, which means that the modal overlap between the light and 

the gain medium will not be reduced and the gain efficiency will be improved.  

In 1998, P. Glas investigated a Nd3+-doped hollow optical fiber laser [32]. However, 

it was only for the requirement to generate the DHB (dark hollow beam) in order to guide 

atoms through the hole. In practice, the performance of the HOF itself for lasers and 

amplifiers was not considered.  
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In 2003, P. R. Chaudhuri and K. Oh numerically investigated the modal 

characteristics of the HOF [33]. According to this study, even though the core area is 

relatively large, as mentioned before, single-mode generation at a laser-operating 

wavelength is possible with an appropriate design. Moreover, the very low refractive index 

of the central air region results in the negative dielectric volume, and thus the HOF exhibits 

non-zero fundamental (LP01) mode cut-off in the finite wavelength range, which is useful 

for a waveguide filtering. 

 

1-2-2. Waveguide spectral filters 

Waveguide spectral filtering is widely used in optical communication systems. 

Most filters are wavelength-division multiplexing (WDM) fiber couplers. Basically, they 

are based on tapered fiber techniques [99]. There are also twin-core fiber spectral filters 

[34] or anti-resonant spectral optical waveguide filters [35]. However, these devices 

transmit only a limited spectral band, which satisfies a certain coupling condition in a very 

short length of fiber (<10 cm). This is not suitable for a cladding-pumped fiber laser. In 

general, a relatively long length of the fiber is required for laser sources where the gain 

medium is uniformly doped throughout the fiber core. In order to filter out any unwanted 

emission from the whole fiber, the waveguide spectral filtering should be acting over the 

total fiber length in a distributed manner. This thesis will cover the HOF as a distributed 

wavelength, fiber waveguide, filter. 

  Several fibers were proposed for the distributed wavelength filter. K. Morishita 

(1989) suggested an optical fiber with different dispersive material between the core and 

the cladding [36]. Here the effective index of the core and the cladding can become 

identical at a certain wavelength because of a different variation of the effective index 

dependence on wavelength where, theoretically, the guided mode can be cut-off and even 
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the fundamental mode becomes cut-off. This feature is quite similar to the manner in 

which the fundamental mode becomes cut-off in the HOF. However, the fiber filter using 

the dispersive fiber is not practical because it is difficult to find dispersive materials for a 

specific wavelength pass filter. Moreover, its fabrication is also not easy using a 

conventional fiber fabrication system such as modified chemical vapour deposition 

(MCVD) [2, 100].  

The W-type fiber is a well-known wavelength filter [37]. The W-type fiber consists 

of a depressed cladding around the raised index core and a silica outer cladding. It was 

originally intended for the dispersion shifted fiber [38]. Afterwards, M. Monerie (1982) 

found that W-type fiber can act as a waveguide filter due to the fundamental mode cut-off 

[37]. In such a fiber, the effective index of the guided mode in the core can vary from the 

refractive index of the core to that of depressed cladding. Therefore, at a certain 

wavelength, the effective index of the mode can be equal to the refractive index of the 

silica outer cladding, where the fundamental mode is allowed to be cut-off. In principle, 

after the fundamental mode cut-off, the light is not guided by the core anymore. Contrary 

to the dispersive fiber, such a W-type fiber is easy to fabricate using the conventional 

MCVD method and, also, the refractive index can be controlled precisely for the specific 

wavelength of interest. Furthermore, it is more compatible with a conventional single mode 

fiber, which is widely used. However, its relatively small core area can be a disadvantage 

at higher power, and the large core is preferred in the cladding-pumped fiber lasers and 

amplifiers. Other types of fiber filters such as a dual-hole assisted fiber, designed by 

Corning (2006) [39], continue to be studied for various applications.  

 

1-2-3. Nd3+- and Yb3+-doped fibers operating at the shorter wavelength 
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In fiber lasers and amplifiers, the Nd3+ ion is one of the most important active ions 

and is widely used as a dopant. Laser action of such an ion in a glass material was first 

demonstrated in 1961 [40].  Later, a Nd3+-doped single mode silica fiber laser was first 

realized by the Southampton group in 1985 [41]. The energy levels of Nd3+ ions are shown 

in figure 1-2. Important energy transitions for the laser and amplifier action are 4I9/2 � 

4F5/2  (800 nm), which is the typical pumping band for Nd ions, 4F3/2�
4I11/2  (1060 nm),   

4F 3/2�
4I9/2 (900 nm) and 4F3/2�

4I13/2 (1300 nm), where spontaneous emissions is observed. 

There have been extensive research studies on the emission at each transition for high 

power fiber sources.  

 

In particular, the energy transition (4F3/2�
4I11/2, 1060 nm) was characterized as a 

four-level laser transition and it is thus relatively easy to realize the laser action due to the 

low laser threshold and high gain efficiency. Since the cladding-pump technology was 

invented, the output power of the Nd3+-doped fiber laser has been increased remarkably. 

Minelly et al. (1992) first demonstrated 1 W output power at the 1060 nm emission band 

Figure 1-2. The energy diagram of Nd3+ ions 
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using laser-diode pumping [42]. Po et al. (1993) achieved an output power level of 5W 

with a 51% slope efficiency [43]. Recently, the output power at the 1060 nm emission 

band reached 30 W [44]. Even higher output powers are only limited by the available 

pump power. However, this spectral range can also be covered by Yb3+ ions, which are 

more efficient than Nd3+ ions in the silica host. Due to this, the research on Nd3+-doped 

fiber lasers at 1060 nm is not of much interest.  

Contrary to this, in the other spectral range, 4F3/2�
4I9/2 (900 nm) for Nd3+ ions, the 

laser action is much more interesting because such a wavelength can be converted to blue 

light (~ 450 nm), for displays or data storage, by frequency doubling [45-46] and also used 

for a fiber sensor such as for water vapour sensing [47]. However, it is very challenging to 

design the fiber especially for power scaling using a cladding-pumped configuration 

because the three-level fiber laser requires much higher pump intensity in order to obtain a 

high level of population inversion and to overcome ground-state absorption (GSA). Also 

the four-level laser transition at 1060 nm, with a low threshold, competes with the 900 nm 

emission transition.  

In such spectral ranges in Nd-doped fibers, Reekie et al. (1987) first demonstrated a 

fiber laser at 938 nm, for which the output power was only 3 mW with 31% slope 

efficiency [48]. Cook et al (1998) presented an output power of 43 mW at 925 nm and this 

was tunable from 896 nm-939.5 nm [49]. These previous results were demonstrated in a 

core-pumped laser configuration. However, such a configuration is not power-scalable 

because of the limited available pump power. In order to scale up the output power of a 

fiber laser, the cladding-pump configuration should be used. 

Nd in a germano-silicate host favours the transition at 900 nm [9, 50]. However, the 

germano-silicate host does not permit a high Nd3+ ion concentration. In order to increase 

Nd3+ ion concentration, the alumino-silicate host is preferred. However, the spectroscopy 



 

- 12 - 

of Nd in an alumino-silicate host favours the 1060 nm transition band rather than 900 nm 

[9, 50]. Hence, it necessitates the use of a distributed filter to suppress the stimulated 

emission at 1060 nm. For this, a W-type fiber design, that has a non-zero fundamental 

mode (LP01) cut-off, has been used [8, 46]. The LP01 mode cut-off can be located between 

the two Nd3+ ion emission bands, so that the fiber does not guide at 1060 nm. A good 

suppression of 1060 nm emission was reported [8, 46]. Recently, 10 W of cw single mode 

output power at 930 nm was realized with a Nd-doped alumino-silicate W-type fiber [51], 

in a MOPA (master oscillator power amplifier) configuration. However, the laser 

configuration is complicated and the core-size of the W-type fiber is relatively small, 

which limits the extractable energy at 930 nm from the Nd-doped fibers. Moreover, the 

relatively small core eventually leads to high fiber nonlinearities. Therefore, for real 

applications, a large core is an important design feature for the high-power cladding-

pumped fiber lasers, since it allows the inner-cladding size, and thus the pump power, to be 

scaled whilst maintaining an acceptable pump absorption. Unfortunately, if the core size 

becomes bigger, the fundamental mode cut-off of a W-type fiber will be located above 

1060 nm and the desired suppression can not be obtained. While it is in theory possible to 

reduce the refractive index step, and thus maintain 1060 nm suppression even with a larger 

core, this is quite challenging in practice. 

 To date, the Yb3+-doped fiber has led to significant improvements in high power 

fiber laser sources. It has already reached kW power levels at ~1100 nm whilst maintaining 

a nearly diffraction-limited beam quality [4-6].  Figure 1-3 shows the energy level diagram 

of Yb3+ ions. There are only two levels, however, each level, 4F7/2 and 4F5/2, has strongly 

coupled Stark split sub-levels. Because of that, the laser action at 1100 nm is after 

considered as a quasi-four level laser transition with a low threshold and high gain 

efficiency. 
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 Yb3+-doped fibers have a broad absorption band from 850 nm to 1070 nm and also 

a broad emission band from 900 nm to 1100 nm. The pumping wavelength is normally 

chosen at 915 nm or 980 nm because of the relatively high absorption cross section. In 

practice, it was pumped by a 980 nm pumping source and shows very highly efficient 

operation at 1100 nm. However, in the Yb3+-doped fibers, laser operation at the shorter 

wavelength is also challenging, similar to the Nd3+ doped fiber operating at 900 nm. In 

many applications, such as for a pump source for an erbium-doped fiber amplifier and laser 

[52] or blue light generation by frequency doubling [53-54], high-power, single-mode 980 

nm sources are of interest. Commercially available single-mode 980 nm laser diodes are 

not only limited by their output powers but they are expensive too. In terms of power-

scaling of the fiber laser at 980 nm, the cladding-pumped concept is also available. R. 

Selvas  et al. from the ORC suggested a jacketed air clad (JAC) structure [115] for the high 

power fiber laser at 980 nm. Using such a fiber, an output power of more than 3 W was 

obtained while maintaining diffraction-limited beam quality [55].  
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However, the JAC structure requires a small inner-cladding (~30 µm) and a short 

fiber length (e.g., ~40 cm in [55]). This is to suppress the Yb-emission, at around 1030 nm, 

along the fiber and at the same time to achieve a high level of Yb inversion (over 50%) in 

order to obtain gain in the 980 nm transition, because both the emission and absorption 

cross-sections are comparable at this wavelength. Thus, power-scaling using a JAC 

structure requires the use of an expensive, high-power and high-brightness multimode 

pump source. An alternative approach to achieve a high power 980 nm YDFL would be to 

design the waveguide structure such that it acts as a distributed filter along the fiber to 

suppress the 1030 nm ASE.  

 

1-2-4. Suppression of stimulated Raman scattering in high power fiber 

lasers 

 

The continuous wave (cw) output power of high brightness cladding-pumped 

ytterbium (Yb) doped fiber lasers has already reached the kW-level, as mentioned before. 

Moreover, fiber-based master oscillator – power amplifier (MOPA) sources show the 

potential to scale up the average output power of more sophisticated waveforms, such as 

picosecond pulses [10]. For those, fiber nonlinearities become an important issue.  

One of the fiber nonlinearities, SRS, is a major obstacle for power scaling of pulsed 

fiber systems and even in cw single-mode, high power fiber systems. SRS can occur in the 

laser, or the amplifier itself, as well as in any delivery fiber. To date, most of the high 

power fiber sources use a large, low-NA, core and a relatively short fiber in order to 

mitigate SRS. Large cores, however, eventually lead to a multimode output beam, and 

hence to a degraded beam quality. Although, the beam quality obtained with a multimode 

core can be improved significantly by filtering out the higher order modes, e.g., by tapering 
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the fiber or coiling a low-NA fiber [56-57], these methods have their limitations and are 

difficult to implement in a delivery fiber. Hence, a single-mode core still remains an 

obvious choice for high beam quality. However, a single-mode (i.e. small) core requires a 

long fiber in the cladding-pumped configuration, because of the relatively low pump 

absorption that is due to the large area ratio between the inner cladding (pump waveguide) 

and the doped core. However, the resulting strong interaction of the optical field with the 

small core, over a long fiber length, will reduce the SRS threshold significantly [58]. 

Previously, in single-mode fibers, the suppression of SRS was demonstrated using 

several methods such as parametric suppression by the four-wave mixing (FWM) process 

of Raman Stokes and anti-Stokes [59-60] and polarization switching in high birefringence 

fiber [61]. Later on, in a dual-frequency pumping technique, the SRS suppression in the 

total first-order Raman Stokes was successfully achieved [62-63]. However, such 

techniques were not efficient in high power, cladding-pumped fiber laser systems because 

they allowed only one frequency component of the pump field for SRS suppression or 

because their suppression was only valid at a well controlled, selective parametric 

condition.  

As an alternative method, using fiber bending loss, the stimulated Raman threshold 

can be increased because Raman gain is also dependent on the propagating loss at the 

Stokes wavelength. Kuzin et al. (1999) presented the SRS effect when bending loss was 

induced to the fiber [64]. Recently, Dragic et al. (2005) demonstrated, numerically, SRS 

suppression by the induced bending loss [65]. In practice, such a technical concept is more 

suitable for the cladding-pumped high power fiber lasers because it is simple and the total 

Raman gain band can be suppressed by the induced bending loss without any specific 

parametric condition in the fiber system.  However, in the normal step index structure, the 

bending loss is detrimental over the whole wavelength range and thus it will introduce a 
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significant amount of loss at the signal wavelength too, because of the relatively slow 

dependence of bending loss on the wavelength. Therefore, in order to filter out SRS 

emission selectively, without any loss at a desired wavelength, a distributed fiber 

waveguide filter, with a modified index structure, is required. Very recently, a dual hole 

assisted fiber with the fundamental mode cut-off has been suggested for the suppression of 

Raman gain [39]. In this thesis, the suppression of SRS in W-type, Yb3+-doped fibers with 

fundamental mode cut-off will be discussed. 

  

1-3. Main contribution in the thesis 

In the previous sub-section, the HOF and its availability for high power fiber laser 

sources was introduced. As mentioned before, it is very challenging to realize the fiber 

laser in the cladding-pumped configuration operating at the shorter wavelength, because of 

the relatively low pump absorption and the competition of the stimulated emission 

transition at longer wavelengths. In this thesis, the HOF structure is mainly considered 

because it has a relatively large core area and also because it provides a non-zero 

fundamental mode cut-off in a finite wavelength range, which yields a distributed 

wavelength fiber waveguide filter for the suppression of unwanted stimulated emission. I 

was given the project HOF to work on when I started my Ph. D. I contributed mainly to the 

theoretical and experimental investigation of the HOF relating to the modal characteristics, 

such as cut-off behavior and bend loss. The laser performance of rare-earth doped HOFs 

was investigated theoretically and experimentally with significant help from P. Dupriez, D. 

B. S. Soh and C. Codemard in the high power fiber laser group at the ORC. 
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1-4. Organization of this thesis 
 

Part I contains an introduction and a brief review of fiber fabrication, waveguide 

theory and fiber lasers and amplifiers in the first two chapters. In chapter 1, the motivation 

for the research I accomplished is introduced and the previous studies in this field are 

presented.  Chapter 2 first provides an overview of the rare-earth fiber fabrication using 

MCVD and, then, relevant waveguide theory is reviewed in a simple manner in order to 

help in the understanding of the design process of the HOF and DCHOF. The review on 

fiber lasers and amplifiers and SRS is basically an explanation of the important terms and 

equations and is given only for enabling an understanding of later chapters, because their 

theory has a very wide scope which goes beyond that of this thesis in many areas. In 

chapter 3, I described numerical simulations on the modal characteristics of step HOFs. 

For this, I suggested the characteristic equation for step HOFs, which is used for the 

analysis of cut-off characteristics, modal fields and bending loss properties, depending on 

fiber design. Based on numerical analysis, the cut-off behaviour of the fundamental (LP01) 

mode was investigated experimentally. In addition, a Er:Yb co-doped, step, HOF fiber 

laser was investigated experimentally. 

Chapter 4 deals with Nd-doped DCHOF. I derived the characteristic equation in 

order to analyze the modal characteristics of DCHOF. Based on the numerical analysis, I 

designed the DCHOF for the realization of a Nd-doped fiber laser operating at 930 nm. 

Laser action of the Nd-doped DCHOF was demonstrated experimentally in cw and Q-

switched pulse regime and its performance was analyzed. In chapter 5, an Yb-doped 

DCHOF was investigated for high power fiber sources at the shorter wavelength, 980 nm. 

First, the optimum fiber design was found using the numerical analysis of the modal 

properties of DCHOF and, then, laser action of Yb-doped DCHOFs at 980 nm was 
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demonstrated. Next, the Yb-doped DCHOF was considered for high power fiber laser 

sources at the other relatively short wavelength (~1040 nm).  

In chapter 6, SRS suppression was investigated in a Yb-doped W-type fiber MOPA 

system.  For this, initially, I estimated the Raman threshold, depending on the induced loss 

at the Raman 1st Stokes wavelength, using a numerical approach. Using W-type fiber with 

the fundamental mode cut-off at the Stokes wavelength, SRS suppression was 

demonstrated experimentally in a fiber–based MOPA system (for pico-second and nano-

second pulses), which provide high peak power. Analysis of the amplifier action was 

carried out in detail.  In chapter 7, I summarized all the results in my thesis and present the 

future prospects for the DCHOF.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 19 - 

Chapter 2. A brief review of a fiber fabrication and 
design for a high power laser sources 
 

 

 

 

 

 

2-1. The fabrication of rare-earth doped fibers  

 

The requirements for rare-earth doped fibers are slightly different from those for 

normal long-distance communication fibers. However, their fabrication process is based on 

the method used for communication fibers. Communication fibers basically consist of 

silica (SiO2) or silicate glasses as the main material and one or more oxides (GeO2, P2O5, 

B2O3 etc) as a dopant to control the refractive index. The high purity silica fiber system is 

the best material for optical transmission around 1.5 µm, in terms of optical loss, physical 

or chemical properties and long-term reliability.  

The fabrication process of the fiber is composed of two main stages: preform 

fabrication and fiber drawing. There are generally three techniques used to produce the 

fiber preform: Outer Vapour Deposition (OVD) [116], Vapour Axial Deposition (VAD) 

[66] and Modified Chemical Vapour Deposition (MCVD) [67]. The principal procedure is 

based on a vapour phase reaction, which is the oxidation of chloride or halide vapours. The 

MCVD process, the most versatile among these techniques, is widely used because it 

produces a low loss and high quality silica fiber at relatively low-cost. In this thesis, all 

fibers were fabricated using the MCVD process. 
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2-1-1. Modified Chemical Vapour Deposition (MCVD) 

 

MCVD is basically an inner deposition process because the high purity oxides are 

deposited on the inside wall of a silica tube. Figure 2-1 shows the typical MCVD setup. A 

silica tube, which is high-purity synthesized silica is rotated on a glass-working lathe. 

Reactants such as SiCl4, GeCl4, POCl3 or BBr3 are vaporized and delivered into the silica 

tube by a carrier gas such as oxygen (O2) and nitrogen (N2) using bubbler systems. The 

oxy-hydrogen burner traverses along the silica tube, heating it to temperatures in the range 

of ~2200oC. The reactants react with the oxygen and produce the oxides and chlorine gas 

as by-product, as shown in the following chemical reactions (2-1) and (2-2). The oxides are 

deposited and sintered onto the inner surface of the silica tube to produce highly dense 

glass layer.  

 

SiCl4 (gas) + O2 (gas) ↔ SiO2 (solid) + 2Cl2 (gas)                 (2-1) 

GeCl4 (gas) + O2 (gas) ↔ GeO2 (solid) + 2Cl2 (gas)               (2-2) 

 

MCVD apparatus consists of a chemical delivery system (left-side in figure 2-1) 

and a glass working lathe (right-side in figure 2-1). In the chemical delivery system, the 

chemicals for MCVD process are stored in bubblers made of glass or stainless steel, which 

are housed in constant-temperature baths to maintain the liquid chemicals at the desired 

temperature. The chemical rate at the outlet of the bubbler is determined by the partial 

pressure of bubbles, the vapour pressure of the chemical, and the flow rate of the carrier 

gas. At a constant temperature, the pressure of the bubbles and the chemical is fixed. Due 

to this, it is important to control the temperature of chemicals constantly to obtain the 

reliable chemical flow rate into the silica tube. The flow rate of the chemicals into the 
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silica tube is controlled by the flow rate of the carrier gas using mass flow controllers 

(MFCs).  

 

 

The bubblers used in Optoelectronics Research Cetner, University of Southampton, 

consists of four compounds, SiCl4, GeCl4, BBr3 and POCl3, which is used in any 

combination to achieve the desired refractive index of the preform. However, the 

combination of BBr3 and POCl3 is avoided due to the explosive reaction. The carrier gas is 

oxygen except for BBr3, where the carrier gas is nitrogen gas.  

The other part of MCVD apparatus, the glass working lathe, has two chucks for 

clamping the substrate tube. The two chucks are aligned coaxially for reducing the 

deformation of the silica tube during the process of deposition and collapsing. The oxi-

hydrogen torch moved by a motor-driven carriage is added to the lathe, where a radiation 

thermometer (pyrometer) and output diameter monitor is also installed to measure the 

temperature and diameter of the hot zone of the tube. The temperature is controlled by the 

flow rate of the hydrogen and oxygen using MFC. The speed of the carriage also affects 

the temperature of the hot zone and thus, it should be controlled properly. One end of the 

Figure 2-1. Schematic diagram of MCVD process [68]. 
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tube is put into a rotary-seal to provide the chemical into the tube and the other end has an 

exhaust system, which removes the reacted gas and particles.  

Main MCVD process consists of the cleaning, deposition and collapsing as shown 

in figure 2-2. In the first step, the inner surface of the substrate tube is cleaned by etching 

using a flow of sulphur-hexafluoride (SF6) and it also helps to make smooth inner wall of 

the tube. The processing temperature is ~2000oC, and  ~100 µm of silica is etched away 

from inside the tube. The next stage is the deposition of the cladding and core. The 

operating temperature is ~2050oC. The deposition of the cladding generally acts as a buffer 

layer between the tube and the core. It reduces roughness of the inner wall of the tube and 

therefore reduces the scattering loss. Furthermore, it allows the fabrication of the 

complicated fiber structure by using index-control chemicals such as GeCl4 (increases the 

refractive index) and BBr3 (decreases the refractive index) [101].  

 

 

Figure 2-2. The conventional MCVD process for the fabrication of 
the preform 
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The oxy-hydrogen torch moves along the tube in the same direction as the reactant 

gas flow, which generate enough temperature at the reacting zone (or heat zone). There are 

chemical reactions which creating glass soot particles. The soot is deposited on the inner 

wall of the tube by thermophoresis [101, 102], which is a driving force induced by the 

temperature difference between the reacting zone and the deposition wall. The particles are 

moved in the direction of the lower temperature zone (the deposition wall) from the hot 

zone and set down on the wall. The deposited particle is consolidated into the silica film at 

the inner wall of the tube. In the core deposition, there are some differences to this process 

in the case of rare-earth doped fibers for amplifiers or lasers. First, contrary to normal 

communication fiber, where GeO2 is mostly used, other oxides (Al2O3) can be used as 

dopants in the core in order to improve spectroscopic characteristics such as to broaden the 

bandwidth. Secondly, rare-earth raw materials (ErCl3, NdCl3 and YbCl3 etc) have a much 

lower vapour pressure than that of other halide reactants (SiCl4, GeCl4) as shown in figure 

2-3.   

 

 

Figure 2-3. Vapour pressures of reactant halides for making rare-earth 
doped high silica glasses [68]. 
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For this reason, it is very difficult to carry them into the reaction zone using bubbler 

systems in the MCVD process. There are several methods to add rare-earth ions into glass 

and the doping methods are categorized by two kinds of methods. One is the gas phase-

deposition method, which means that the rare-earth ion is doped into the glass during the 

deposition process using vapours of rare-earth halides [2] and the other one is the after-

deposition method [2], which is generally “solution doping method” [69]. The solution 

doping technique is widely used because of its simplicity, low cost and high uniformity of 

rare-earth doping. In order to do this, the operating temperature in the core (or doped 

region) deposition should be lower than in the cladding deposition. The temperature for the 

core deposition is 1500-1600oC, where the soot is not sintered and maintains the high 

porosity for doping rare-earth materials via the solution doping process. 

The final stage for the preform fabrication is the collapse of the tube. For this, a 

very high temperature (~2100oC) is required. The tube is collapsed down to a solid rod due 

to the surface tension, and the reduced viscosity of the glass. At such a high temperature, 

tube deformation is quite easy. Therefore, this process should be carefully controlled using 

the properly adjusted temperature, rotation speed, and carriage speed. In addition, in this 

process, the diffusion of the hydroxyl (-OH) from the tube to the core can be an issue [103]. 

In order to reduce this, the initial preparation of the tube (ie. by using a high purity silica 

tube and etching the inner wall of the tube) is important. The tube I used in ORC is F300 

Suprasil grade, which has the OH content less than 0.2 ppm. The cladding thickness should 

be carefully considered as the barrier preventing the OH diffusion. In ORC, the barrier 

layer is ~8 µm (measured in the final fiber) with 125 µm outer diameter. Furthermore, 

vaporization of the dopants at such a high temperature can occur and causes the alteration 

of the refractive index profile such as a central dip in the refractive index of the preform. 

This is especially significant in germanium doped fibers because GeO2 has a relatively 
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large vapour pressure and thus, it can be easily evaporated. This can be reduced by 

collapsing the tube in the germanium atmosphere [101] or by etching the surface layer, 

where the germanium is evaporated [101]. 

In the case of the hollow optical fiber used in this thesis, the collapsing is not 

completed and the hole in the preform is maintained with a specific size. It is an important 

process because the size of the hole determines the thickness of the core and the cladding 

in the final fiber. If the hole size in the preform is too small, it may collapse in the fiber 

drawing process. Contrary to this, if it is too large, it becomes difficult to control the core 

thickness.  

 

2-1-2. Solution doping method 

As shown in figure 2-3, rare-earth materials have a low vapour pressure, which 

makes it difficult to directly deliver them into the reacting zone in MCVD lathe using the 

bubbler system. This leads to use of the solution doping technique. Solution doping is the 

essential process for the incorporation of rare-earth ions, which adds the rare-earth ions 

into silica or a silicate glass network by soaking the low density oxide (soot) in a solution 

containing the rare-earth compounds [69]. In the solution doping process, it is important to 

deposit an appropriate porous glass layer inside the tube. In addition, the doping 

concentration, as well as the glass structure, can be determined from the porous glass 

structure. This porous glass is deposited at lower temperature (1500oC~1600oC), which 

does not allow the glass to sinter. Here, the porous glass is composed of tiny glass particles 

(from sub micrometer to hundreds of micrometer) and pores, whose structure is determined 

from the temperature of the glass, where if the temperature is too low, the soot easily 

disassociates from the tube during the doping process and sintering process. If the 
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temperature is too high, the penetration of rare-earth ions is not enough and their doping 

uniformity is impaired.  

 

Figure 2-4 shows the schematic diagram of the apparatus used for the solution 

doping. A rare-earth solution made of methanol (or water, alcohol) and rare-earth raw 

materials is directly introduced into a deposited porous glass and soaked in their pores. In 

general, in order to improve the solubility of rare-earth ions, AlCl3 is used in the 

combination of rare-earth chlorides. This solution should be pumped in the tube with a 

slow speed for preventing any dislodging of soot particles. In order to control the 

concentration of rare-earth ions in the silica, the concentration of the solution is properly 

adjusted. The soaking time is ~1 hr, which is enough for the complete diffusion of rare-

Bung 

Figure 2-4. The schematic diagram of the apparatus for solution doping.  
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earth ions into the soot. After soaking, the solution is expelled from the tube and the porous 

glass is dried. At first, the soot is dried in the air for several hours and this time should 

ensure complete drying. In some cases, He, N2 or O2 gas can be used in the lathe to make 

the drying process faster. Then, this rare-earth doped porous glass is sintered in the MCVD 

lathe. The sintering temperature is ~1850oC, which should make the soot glass transparent. 

In this process, the temperature is controlled very carefully in order to prevent the 

evaporation of the rare-earth chlorides and aluminium chlorides (AlCl3) before the 

oxidation reaction occurs. After consolidating the soot, the tube is collapsed in the usual 

way at high temperature. In the sintering or collapsing process Cl2 gas, which is the drying 

gas, can be used to reduce the water content. The preform made with this process is drawn 

into the fiber via the drawing process.   

The main disadvantage of the solution doping process is that it is very difficult to 

employ for multiple core layers. For this, the whole process as mentioned before should be 

repeated for every single core layer. However, it is not practical and is very time-

consuming job. It can also cause significant tube deformation. Therefore, it is challenging 

to obtain large core fibers. In order to solve this, an alternative preform processing stage is 

required. After completing MCVD process, the preform is etched to give the desired ratio 

of the core and cladding in hydrofluoric acid solution. In addition, in order to improve the 

pump absorption, a non-circular symmetry of the preform is necessary [104, 105]. For this, 

the preform is milled into a D-shape or a rectangular shape [106, 107]. 

 

2-1-3. Fiber drawing process 

 

Figure 2-5 shows a schematic diagram of the drawing apparatus, which is mainly 

composed of the preform feed controller, a high temperature (>2000 oC) furnace, diameter 
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gauge, the polymer coating assembly including a ultraviolet (UV) curing furnace, and a 

fiber take-up assembly. The preform is mounted in a chuck with x-y stage in order to align 

the prefrom in the center of the furnace. It is fed into the high temperature furnace with a 

controlled constant speed. In general, the heating element of the furnace is high purity 

carbon, which can be easily oxidized when it meets air at high temperature. In order to 

protect the graphite element, an inert gas, such as argon (Ar), is introduced into the furnace. 

If the temperature is fixed to a point where it softens the preform, the fiber diameter is 

controlled by adjusting the preform feeding speed and draw speed. Their relation is 

presented in the following simple equation according to the conservation of mass: 

2

2

p

f

f

p

d

d

v

v
=                                                       (2-3) 

where, pv  and fv  are the feed and draw speeds respectively, and pd  and fd  

indicate the preform and fiber diameters respectively. The take-up speed of the fiber is 

controlled by a signal from the output diameter gauge located below the furnace. The 

feedback loop system helps to maintain the outer diameter at a constant value. In principle, 

a fluctuation of the fiber diameter eventually causes a variation of the fiber geometry, 

which can produce detrimental effects on waveguide properties. Therefore, precise control 

is important. Fluctuation of the diameter comes from two major origins. One is that it is 

caused by the temperature fluctuation, which results in ±0.5 µm variation of the fiber 

diameter when the temperature fluctuation is in ±0.2oC in a length period of 100 cm [2]. In 

order to minimize this, the flow rate of the inert gas and the ratio of the preform diameter 

to the heater diameter should be optimized [117]. The other is the variation of the take-up 

speed, which causes the long-term fluctuation. Its periodic length is longer than 100 cm. 

This fluctuation is minimized by controlling the take-up speed constantly and precisely via 

monitoring the signal from the diameter gauge.  
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   The fiber enters a coating cup in the polymer coating assembly, which contains a 

viscous acrylate fluid. The hole size in the bottom of the cup (coating die) is selected 

depending on the fiber diameter and the desired coating thickness. The coating material is 

cured in the UV furnace. The consolidation strength of the coating is highly dependent on 

the curing temperature (or UV power) and it should be high enough to protect the fiber 

breakage during fiber bending and handling. In addition, the coating thickness should be 

also optimized. For a commercial single-mode fiber, the coating diameter is ~250 µm. 

However, it may be different for other applications. There are two coating methods. One is 

the gravity-force coating, which is generally used in ORC in the case of the low drawing 

speed (5 ~ 20 m/min) and small coating diameter (≤250 µm). Here, the coating material is 

stored in the coating cup and sticks onto the fiber, when the fiber passes through the 

Figure 2-5. Schematic diagram of the fiber drawing apparatus 
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coating material. The coating thickness depends on the hole size in the coating die and 

drawing speed. This process is quite simple. However, it is difficult to use at the high 

drawing speeds and for large fiber diameters. The other method is the pressurized coating 

system [108], which is useful for very high drawing speeds and large fiber diameters. In 

the pressurized system, the coating material is injected to the surface of the fiber by 

carefully controlling the pressure with an inert gas (in general, N2). In order to do this, the 

coating cup is specially designed [109]. In some cases, in order to control the injection 

speed of the coating material, its viscosity is controlled and thus, the coating unit contains 

the thermal apparatus [110]. For most commercial manufacturers of fibers industries, the 

pressurized coating method is used.  

The fiber then passes round the capstan, whose speed generally corresponds to the 

take-up speed, and it is wrapped onto a take-up drum. The important thing in the drawing 

process is to maintain the mechanical strength of the fiber. However, in the drawing 

process, the scattering loss of the fiber can be varied depending on the temperature and 

take-up speed [111]. This is due to the induced stress in the fiber by the drawing tension 

during the drawing process [111]. Therefore, for optimizing the optical and mechanical 

properties of the fiber, the temperature and the take-up speed should be carefully 

considered.  

 
2-2. Review of waveguide theory 

 

 In this section, the basic theory of a waveguide in a simple step index fiber is 

reviewed using electromagnetic theory. In principle, the electric and magnetic fields of a 

guided wave satisfy Maxell’s equations and the boundary conditions imposed by the 

cylindrical dielectric core and cladding. There are certain solutions, which are called 

modes, each of which has a distinct propagation constant (or effective refractive index), 
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which represent the modal characteristics in a fiber waveguide. Therefore, it helps to 

understand the design process of more complicated fiber waveguides.  

An electromagnetic field in a medium is composed of two related vector fields, which 

satisfy the following partial differential equations, known as Maxwell’s equations [71]. 

t∂
∂−=×∇ B

E                                                       (2-4) 

t∂
∂=×∇ D

H                                                       (2-5) 

0=⋅∇ D                                                          (2-6) 

0=⋅∇ B .                                                        (2-7) 

where, the medium is linear, non-dispersive, homogeneous, and isotropic, which indicates 

that physical properties are the same in all directions at a given point in the medium. It is 

also assumed that the medium is source-free. H  and E  are the magnetic field (A/m) and 

electric field (V/m) respectively. D and B are the electric flux density (or the electric 

displacement; C/m2)  and the magnetic flux density (Tesla) respectively. t  is the time 

variable. ×∇ and ⋅∇  are the curl and the divergence operations respectively. The relation 

between E and D  depends on the electric properties of the medium. Similarly, The relation 

between H  and B depends on the magnetic properties of the medium. Such relations are 

defined as; 

PED += 0ε                                                         (2-8) 

MHB 00 µµ +=                                                     (2-9) 

where, P  is the polarization density, which is the macroscopic sum of the electric dipole 

moments and M  is the magnetization density, which is also defined in the same way with 

the polarization density. Most dielectric mediums, including pure silica, are nonmagnetic 

and thus, it can be assumed that 0M = , which is always valid throughout this thesis.0ε  is 
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the electric permittivity of free space and 0µ  is the magnetic permeability of free space. 

For a linear, non-dispersive, homogeneous, and isotropic medium, P  and E  at any 

position and time are parallel and proportional, so that their relation is defined as 

 EP χε 0= .                                                      (2-10) 

Where, χ  is electric susceptibility, which is a scalar constant. Substituting (2-10) in (2-8), 

the relation between E and D can be found as 

Eε=D                                                          (2-11) 

where, )1(0 χεε += , which is the electric permittivity of the medium and the ratio 0/ εε  

is the dielectric constant. Using these relations, Maxwell equations (2-4) – (2-7) can be 

presented as 

t∂
∂−=×∇ H

E 0µ                                                       (2-12) 

t∂
∂=×∇ E

H ε                                                       (2-13) 

0=⋅∇ E                                                          (2-14) 

0=⋅∇ H                                                          (2-15) 

Using the vector identity )(2 AAA ⋅∇∇+−∇=×∇×∇ , where 2∇  is the Laplacian and 

A∇  indicates the gradient of a scalar functionA , components of E and H  satisfy the wave 

equation as follows 
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Here, c is the speed of light in a medium. From relations above, 2/1
0)/(1 εµ=c . In a 

medium, the speed of light is again 
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n

c
c 0=                                                            (2-18) 

where, 2/12/1
0 )1()/( χεε +==n , which is the refractive index of the medium. 0c  is the 

light velocity in vacuum. If ε  is not varied in space significantly compared toE , ε  does 

not change within a wavelength distance and thus in equation (2-16), the right term 

0)
1

( =⋅∇∇− Eε
ε

. Finally, the wave equations can be expressed as follows 
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For a step index fiber, equation (2-19) and (2-20) is solved for the core and the cladding 

separately, and the boundary conditions are used to match the solutions. The electric field 

and the magnetic field are a function of a time and a space. If the electromagnetic wave is 

monochromatic, the electric field and the magnetic field are harmonic functions of time at 

the same frequency. Therefore, they can be expressed in terms of their complex amplitudes 

as follows 

)}exp()(Re{),( tjrtr ωΕ=E ,                                       (2-21) 

)}exp()(Re{),( tjrtr ωΗ=H ,                                       (2-22) 

where )(rΕ  and )(rΗ  are the complex amplitudes of the electric and magnetic fields 

respectively. πνω 2=  is the angular frequency, and ν is the frequency. Using equation (2-

21) and (2-22), the wave equations (2-19) and (2-20) are reduced to 

022 =Ε+Ε∇ k ,                                                (2-23) 

022 =Η+Η∇ k ,                                               (2-24) 
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where 0
2/1

0 )( nkk == εµω  is the wave number, and 0k  is the wave number in free-space. 

Assuming the monochromatic light is propagated through a step-index fiber, the electric 

field and the magnetic field of light must satisfy wave equations (2-23) and (2-24), where 

conn =  in the core ( ar < ) and cladnn =  in the cladding ( ar > ). In a cylindrical 

coordinate system, the wave equation becomes 
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where the complex amplitude ),,( zrUU φ=  represents Ε  or Η . Taking waves travelling 

in the z direction, the z dependence of U  is of the from zje β− , where β  is the propagation 

constant. Because U  is a periodic function of the angle φ  with period π2 , it can be 

assumed that the dependence on φ  is harmonic, φjle− , where l  is an integer 

( K2,1,0 ±±=l ). Substituting zjjl eeruzrU βφφ −−= )(),,(  into equation (2-25), the 

ordinary differential equation for )(ru  can be obtained.  
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The wave is guided if the propagation constant (β ) is smaller than the 

wavenumber in the core ( 0knco ) and larger than the wavenumber in the cladding ( 0knclad ). 

Each mode parameter is defined as follows 

22
0

22 β−= knv co ,               0knco<β                   (2-27) 

2
0

222 knclad−= βγ ,              0knco>β                   (2-28) 

Equation (2-26) can be written in the core and cladding respectively as follows 
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The solutions of differential equation (2-29) and (2-30) can be expressed as the 

family of Bessel functions in a cylindrical coordinate system [118]. The related solutions 

using Bessel functions are 
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where, )(xJ l  is the Bessel function of the first kind and order l , and )(xK l  is the 

modified Bessel function of the second kind and order l . The mode parameters v  and γ  

determine the variation of )(ru  in the core and cladding respectively. It is convenient to 

normalize v and γ  by defining 

aYvaX γ== ,                                              (2-32) 

Using (2-32), 222 VYX =+  is defined, where akNAV ⋅⋅= 0  ( 22
cladco nnNA −= ) is V-

number (normalized frequency), which is important parameter that determines the number 

of modes of the fiber.  

 Most fibers are weakly guiding, which means cladco nn ≈  or the refractive index 

difference ( n∆ ) between con  and cladn  is much less than 1. In this case, the longitudinal 

components of the electric and magnetic fields are much weaker than the transverse 

components. And thus, the guided wave can be assumed to be a transverse electromagnetic 

(TEM) wave. A β  satisfying the boundary condition between the core and the cladding, 

can be found from equation (2-31). The equation for obtaining β  is expressed to the 

characteristic equation. For each Bessel order l , the  characteristic equation has multiple 

solutions yielding discrete propagation constant lmβ , K,2,1=m . Each solution indicates a 

mode. The linear polarization in the x and y directions form orthogonal states of 
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polarization and this linearly polarized (ml, ) mode is denoted as a lmLP  mode. The two 

polarized modes propagate in the same direction with a same propagation constant β . In 

this thesis, this assumption is always valid. For a weakly guiding step-index fiber, the 

characteristic equation can be obtained by applying the boundary condition in equation (2-

31). The condition is that the function )(ru is continuous at ar =  and also, its derivative at 

ar =  must be continuous. These two conditions yield the characteristic equation for such a 

fiber.  
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=                                        (2-33) 

Here, '
lJ  and '

lK  are derivatives of the Bessel function of the first kind and order l  and the 

modified Bessel function of the second kind and order l . Using the relation as follows 

[118] 
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Equation (2-33) can be rewritten as 
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Solutions, mode parameters lmv  and lmγ ,  must satisfy the characteristic equation 

(2-36) (m = 1,2,3,…) and in this case, the propagation constant lmβ  is also determined by 

equation (2-27) and (2-28), which determines all modal properties, including modal field,  

modal dispersion, and induced bending loss. In order to analyze modal characteristics of 

the fiber waveguide, it is very important to derive and solve the characteristic equation for 

the designed fiber to obtain the propagation constant lmβ . However, in the more 
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complicated fiber waveguide structure, it is not easy to achieve the analytical solution as 

simple as equation (2-31) although the derivation process is similar to what was shown 

through this section. In this thesis, in order to solve this problem, a simple numerical 

approach (e.g. basically a Newtonian method) was used.   

 

2-3. Stimulated Raman scattering in optical fibers 
 

Stimulated Raman Scattering (SRS) is a nonlinear process that can be a serious 

obstacle for power-scaling in fiber laser sources [58]. In this section, a simple approach to 

SRS in optical fibers will be presented.  

In a molecular medium, light at a frequency (Pω ) can be converted to a frequency-

shifted light ( Sω ), which is determined by the vibrational modes of the medium. This 

process is called the Raman effect [72]. In optical fibers, incident light acts as a pump for 

generating the frequency shifted radiation (e.g. Stokes wave), where the strength of the 

Stokes wave is dependent on the light intensity. Similarly, the original signal in an 

amplifier or laser system can act as a pump for SRS generation. If the pump reaches an 

intensity level where Raman effects begin, energy is transferred to other frequencies and 

the energy at the original frequency is decreased. Therefore, in high power fiber sources, 

the signal is easily amplified to such a level where it transfers to Raman. The conversion 

from the signal to the Raman prevents the scaling-up of the output power of the signal. In 

general, in fused silica, the frequency is shifted from the original frequency by ~13.2 THz 

(440 cm-1) when it is pumped by the pump wavelength of 1.0 µm; this shift is slightly 

different depending on the composition of the fiber core. In cw and quasi-cw systems, the 

evolution of the Stokes wave is presented for simplicity as follows [72]; 
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SPRS IIgdzdI =/                                             (2-37) 

where  SI  and PI  are the Stokes wave intensity and the pump intensity respectively. Rg  is 

the Raman gain coefficient, which is related to the cross section of spontaneous Raman 

scattering. Spontaneous Raman scattering generated by the incident pump beam acts as a 

seed source and is amplified with propagation in the fiber within the bandwidth of the 

Raman gain spectrum )(ΩRg  (Ω  represents the frequency difference between the pump 

and Stokes wave, which is slightly different depending on the material and the pump 

frequency). If the pump intensity reaches a certain threshold value, the Stokes wave is 

increased exponentially [72, 73].  

In order to estimate Raman threshold, the interaction between the pump and Raman Stokes 

waves in the optical fiber is considered next. For simplicity, the two coupled wave 

equations are defined as  

SSSPRS IIIgdzdI α−=/                                        (2-38) 

PPSPR
S

P
P IIIgdzdI α

ω
ω

−−=/ .                                 (2-39) 

where Sα  and Pα  indicate fiber losses at the Stokes and pump wavelength respectively. 

Sω  and Pω  are the frequencies of Stokes and pump beam respectively.  Here, light is 

assumed to be cw or quasi-cw. In an ideal condition (no loss), the total number of photons 

in the pump and Stokes wave is constant through the fiber during SRS.  

0)( =+
P

P

S

S II

dz

d

ωω
                                              (2-40) 

From equations (2-38) and (2-39), based on the assumption that there is no pump depletion, 

the analytical solution for the evolution of the Stokes wave can be obtained as follows: 

 

SSSPRS IIzIgdzdI αα −−= )exp(/ 0 ,                              (2-41) 
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where 0I is the incident pump intensity at 0=z . Equation (2-41) can be solved and thus, 

the Stokes wave evolution is presented as 

)exp()0()( 0 LLIgILI SeffRSS α−= ,                            (2-42) 

here, L  is the fiber length and effective length PPeff LL αα /))exp(1( −−=  , which is 

reduced due to the pump loss. )0(SI  is the input intensity of the Stokes wave. SRS is 

initiated from spontaneous Raman scattering, as mentioned before, and thus, by estimating 

the power of the spontaneous Raman scattering, the input intensity of the Stokes wave can 

be determined. The spontaneous Raman scattering generates photons within the entire 

bandwidth of the Raman gain spectrum and its power is determined by the number of 

photons. The Raman power is defined as [72]  

)exp()( 00 LLIgPLP SeffR
eff

SS α−= ,                                (2-43) 

where, the effective input power effS
eff

S BhP ω=0 , where 
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the effective bandwidth of the Stokes wave centred near the gain peak [72]. Although effB  

depends on the pump intensity and the fiber length, the spectral width of the dominant peak 

provides an order-of-magnitude estimate for it. 

 Raman threshold is usually defined as the input pump power at which the Stokes 

power becomes equal to the pump power at the fiber output [72].  

 )exp()()( 0 LPLPLP PPS α−≡= .                                     (2-44) 

From equations (2-43) and (2-44), if the assumption SP αα ≈  should be valid, the Raman 

threshold condition can be represented as follows 

000 )/exp( PALPgP effeffR
eff

S = ,                                    (2-45) 
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where effAIP 00 =  is the input pump power and effA  is the effective area of the core. 

Assuming a Lorenzian shape for the Raman gain spectrum, the critical pump power 

satisfying equation (2-45) is approximately given by  

16
0 ≈
eff

eff
cr

R

A

LPg
                                              (2-46) 

In practice, if polarization is not preserved, the Raman threshold is increased by a factor of 

~2.  

The solution, equation (2-46) for the Raman threshold, is so simplified that it 

cannot be applied to many real cases. For example, in an amplifier system, the rare-earth 

doped fiber act as a gain medium for a signal. The signal power (or intensity) is increased 

throughout the fiber. When the signal power reached to a critical power at a certain 

position in the fiber, SRS can be generated and the signal power is degraded. On the other 

hand, if the signal power is degraded by the Raman conversion, the Raman is also 

decreased because of the depletion of the signal. Considering this effect, it is difficult to 

define the Raman threshold. Moreover, it is important to find how much fraction of the 

Raman conversion makes a significant effect on the signal in order to determine the Raman 

threshold in the laser/amplifier system.  

The discussion of all of these will be presented in Chapter 6, where the evolution of 

the signal and Stokes wave in a real amplifier system will be numerically investigated. 

From this, the Raman threshold will be re-considered and the fiber structure for 

suppression of SRS in a high power fiber source will be suggested.  
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PART II. 

STEP HOLLOW OPTICAL FIBERS 
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Chapter 3. Er:Yb co-doped step hollow optical 

fiber 
 
 
 
 

3-1. Waveguide property of step HOFs 
 

 

3-1-1. Effective index in step HOFs  

A step hollow optical fiber consists of air surrounding the raised index core and a 

silica cladding as shown in figure 3-1.  

 

 

 

The numerical analysis of HOFs should be done by a full vectorial calculation 

rather than a weakly guiding assumption because of the large index difference between an 

air hole and ring core. However, as far as mode cut-off was concerned, the linearly-

Figure 3-1. The schematic diagram of a step HOF 
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polarized, weakly guiding approximation is still valid. To confirm this, the results using the 

LP mode assumption and commercial software (Femlab) that uses a full vectorial 

simulation were compared. The error in the calculated effective indices of modes was 

within 1% in most cases. Therefore, in this thesis, the weakly guiding approximation and 

the linearly polarized (LP) modes were considered for simplicity. This assumption will 

also be applied to the numerical approach to the modal properties of the DCHOF, which 

will be discussed in later chapters. 

The refractive indices of the core, cladding and the air-hole sections are coren , 

cladn (=1.457 or 1.45) and nair (=1) respectively, and the air-hole, the core and the cladding 

radii are airr ,  corer  and cladr  respectively. Here, the core thickness (t ) is defined as 

aircore rrt −= . The electric field component of guided modes is defined as 

)exp()exp()(),,( zjjlrezrE βφφ −−= ,  l =0, ±1, ±2, … where φ,r are the radial and 

tangential co-ordinates in the plane perpendicular to the fiber axis and z  is the length axis 

of the fiber. )(re is an eigensolution of the Helmholtz equation, which means the radial 

dependence of the electric field component. It can be written as follows [33]; 
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Here, r is the radial position and DandCBA ,, are constants. lI ( lK ) is the l  th 

order modified Bessel function of the first (second) kind and lJ ( lY ) is the l  th order 

Bessel function of the first (second) kind. v , u  and w  are the mode parameters and they 

are defined as 2
0

22 knv air−= β , 22
0

2 β−= knu core and 2
0

22 knw clad−= β . Here, the 
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eigenvalue ofβ  is the propagation constant of each mode and 0k  is the wave number. By 

applying the continuity of electric field at two boundaries airrr = and corer , the following 

4x4 matrix type characteristic equation can be obtained [33, 74]. 
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                (3-2) 

 

The propagation constant (β ) can be obtained from equation (3-2) numerically and 

for each azimuthal index l , the characteristic equation has multiple solutions yielding 

discrete propagation constants lmβ ( m =1, 2,…), which represents a guided mode. The 

transverse field distribution of each mode can be computed from equation (3-1) after 

determining the constants DandCBA ,,  from the achieved propagation constant (β ) 

value.  

This thesis primarily targets the HOF as a distributed fiber waveguide filter for high 

power fiber laser sources operating at short wavelengths. Therefore, calculating fiber 

parameters for the fundamental mode cut-off are the main objective. In order to obtain the 

fundamental mode cut-off wavelength, the propagation constant of the LP01 mode at 

several core thicknesses was calculated depending on wavelength and then it was 

converted to the effective index, which is defined as 0/ kneff β= . Figure 3-2 shows the 

variation of the effective indices of the LP01 mode depending on core thickness and 

wavelength at a fixed NAco (NAco = 0.09, 22
cladcoco nnNA −= ) and hole diameter of 4 

µm. Here, the refractive index of silica at 1.0 µm was 1.4571. In general, the modal cut-off 

takes place when the effective index of the guided mode becomes equal to the silica 
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cladding index. After cut-off wavelength, the mode does not guide through the core any 

more. In figure 3-2, it is noted that HOF shows a fundamental (LP01) mode cut-off 

wavelength where the effective index (effn ) of the LP01 mode becomes equal to the silica 

cladding index ( cladn ). Beyond this wavelength, the fundamental mode does not exist in 

the core. This property is similar to that of W-type fiber, which exhibits the waveguide 

filter characteristics [75]. The appearance of the fundamental mode cut-off in a HOF is due 

to the negative value of the volume integration of relative refractive index in a hollow 

structure (because of its central air hole section) [76]. However, in the HOF, the decay rate 

of effective index was not steep at the LP01 mode cut-off range, which is detrimental to 

obtaining sharp filtering characteristics. This is also verified in figure 3-3.  

 

In the HOF, the air hole effects the modal characteristics. In figure 3-3, the 

effective index changes of LP01 and LP11 mode were calculated at a fixed core thickness of 

Figure 3-2. The variations of effective indices depending on the wavelength and the 
core thickness (calculated at a fixed  NA of 0.09 and hole size of 4 µm diameter) 
 

LP01 mode guiding 
LP01 mode cut-off 
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4µm and the core NA of 0.09. Here, the refractive index of silica cladding was 1.45. The 

cut-off wavelength of the LP01 mode was not significantly changed in all three cases as 

shown in figure 3-3, which indicates that the dependence on the air hole size in the cut-off 

wavelength of the LP01 mode is small. However, the effective indices of the LP01 mode at 

shorter wavelengths were different, depending on the hole size, which in fact will affect the 

modal properties of bending loss of HOF. For example, the low effective index of LP01 at a 

given wavelength could be detrimental to the bending performances of the LP01 mode in 

the fiber. In terms of the fiber waveguide filter, the bending loss is highly related to the 

sharpness of the filter and it will be described in the following section 3-1-3.  

 

 For the higher order mode, LP11, the cut-off wavelength shifted to longer 

wavelength side when the hole size is increased. In the case of HOF with the hole radius of 

8 µm, the effective index of the LP11 mode significantly close to that of the LP01 mode, 

Figure 3-3. Effective index changes of fibers with different hole size as a 
function of wavelength (solid line : 2 µm hole radius, dot line : 4 µm hole 
radius and dashed line : 8 µm hole radius). 

1.0 1.2 1.4 1.6
1.4500

1.4502

1.4504

1.4506

1.4508

1.4510

1.4512

Wavelengh (µµµµm)

Hole radius : 2µm
 LP

01
 mode

 LP
11

 mode

E
ff

ec
ti

ve
 in

d
ex

 (
a.

u
.)

Hole radius : 4µm
 LP

01
 mode

 LP
11

 mode

Hole radius : 8µm
 LP

01
 mode

 LP
11

 mode



 

-47- 

which means that the fiber with the larger hole size can easily be multimoded and it is 

difficult to separate the higher order modes from the fundamental (LP01) mode.  Therefore, 

for the gain medium, if the hole size becomes bigger, the core area can be relatively 

increased and this improves the pump absorption in cladding pump configuration, while 

the single-mode operation at a desired wavelength will become more challenging. 

 

 

3-1-2. Modal field distribution in step HOFs 

The propagation constants (β) and the parameters wanduv,  are calculated from 

the characteristic equation (3-2). Also, by applying the boundary conditions (field 

continuity at airrr = and corer ), the constants DandCBA ,, can be calculated numerically 

from equation (3-1). After obtaining all these parameters, the modal field distribution of 

LP modes supported by the ring-core can be obtained.  

Figure 3-4 shows the modal field distributions of different modes (LP01, LP11, LP21 

and LP31) in a HOF with a 5 µm hole radius and a 3 µm core thickness. In order to see 

other higher order modes, the core index was increased to NAco = 0.19 (∆n ~ 0.012) and 

the wavelength was considered as 1.55 µm. The modal field distribution of the LP01 mode 

was doughnut-shaped and the optical field is well confined in the ring-core as shown in 

figure 3-4 (a). However, the field component in the central air region is very weak, while it 

is relatively strong in the ring core and the field is broadened from the ring-core to the 

silica cladding, which causes the increase of the mode field diameter (MFD). The higher 

order mode fields are also formed in the ring core, whose cut-off characteristics are 

significantly dependent on the hole size as mentioned in the previous section 3-1-1.  
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For a fiber laser, the mode confinement factor (overlap factor with a doped core) of 

the signal is one of the important parameters, because the signal gain linearly increases 

depending on the mode confinement factor [77, 78]. When the effective index (effn ) is 

close to the refractive index (cladn ) of the silica cladding, the modal parameter u  is 

increases and w  decreases, and the field penetrates deeper into the silica cladding. In 

figure 3-5, the normalized radial field distributions of the LP01 mode were calculated at 

several core thicknesses. Here, the core NAco of 0.19 and hole radius of 5 µm was fixed. 

With the smaller core thickness (e.g. see the normalized field in the case of 2 µm core 

thickness in figure 5-5)  as the wavelength of the light approaches the fundamental mode 

cut-off  of the fiber, the modal confinement factor is significantly reduced and the field 

(a) 

(c) (d) 

Figure 3-4. Modal field distribution of HOFs; Wavelength : 1.55 µm, Hole Radius : 5 
µm, core thickness : 3µm, NAco : 0.19, (a) LP01, (b) LP11, (c) LP21, (d) LP31 
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gets broad. Beyond the fundamental mode cut-off where  cladeff nn = , the modal field does 

not exist in the ring-core any more. This makes the HOF suitable for a distributed 

wavelength filter.  

 

3-1-3. Numerical approach to the bending loss of step HOFs 

Bending loss in the fiber is one of the important issues for high power fiber laser 

sources. A high bending loss at the signal wavelength degrades amplifier performance by 

reducing the gain. In addition, for compact devices, a bend-resistant fiber is may be needed. 

In a cladding-pumped configuration, the signal that escapes from the core caused by 

bending can become a noise source which may cause cladding mode lasing or amplified 

stimulated emission (ASE) noise due to mode-mixing or mode-coupling between the 

fundamental mode and other higher modes.  
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Figure 3-5. Radial intensity distribution of LP01 mode in HOFs; 
Wavelength : 1.55 µm, Hole Radius : 5 µm, NAco : 0.19. 
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In order to study the bending loss property of HOFs, the uniform bending loss 

( bendingα ) formula for an arbitrary index profile single mode fiber derived by Sakai and 

Kimura [81] is used. 
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where R  is bending radius, coren is the refractive index of the core, corer  is the core 

radius, λ  is the operating wavelength. ∞W  is the new mode field radius representing the 

bend sensitivity. This is defined by the propagation constant β  of the 01LP  mode and the 

wavenumber in the cladding cladk  as follows [119]; 

22
2 2

cladk
W

−
=∞ β

                                               (3-4) 

The bend sensitivity is determined by the propagation constant (β ), which is 

varied by the core size, refractive index difference between core and cladding, and the 

wavelength. When β  approaches the wavenumber in the cladding cladk , the bend 

sensitivity is significantly increased. It means that the index difference between effective 

core index ( effn ) and silica cladding is related to the bending loss. The smaller it is, the 

higher the bending loss becomes [80]. In equation (3-3), tcl PA /2   is another important 

parameter, which represents the normalized field intensity coefficient in the cladding 

region. This parameter can be obtained from the following relations; 
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∫
∞=
0

2 )( rdrrePt                                                 (3-6) 

where )(re  is the radial field function in the cladding,  clA  is the coefficient of the 

field function, and 0K  is the modified Bessel function of the first order. tP  is the 

integrated field intensity, which is determined by the radial field distribution )(re  in the 

cladding.  

 For the distributed wavelength waveguide filter, the bend sensitivity is very high 

around the fundamental mode cut-off wavelength range, because the effective index (effn ) 

of the fundamental mode is close to the refractive index of the silica cladding (cladn ). In 

the case of a HOF, the bending loss is significantly increased just before reaching the 

fundamental mode cut-off wavelength, while the bending loss is maintained at a low value 

far from the fundamental mode cut-off wavelength to the shorter wavelength side. 

Although the fundamental mode cut-off in the HOF is well-defined in theory ( cladeff nn = ), 

the mode cut-off wavelength is difficult to define in a real case because of the very high 

bend-sensitivity near the theoretical fundamental mode cut-off wavelength.  

The bending loss and effective indices as a function of the wavelength were 

calculated in the HOF at several bending radii using equations (3-3)-(3-6) based on the J 

Sakai paper [81]. The calculated result is presented in figure 3-6. Here, the HOF is 

composed of the 4 µm core thickness, 5 µm hole radius, and 0.09 NAco. The theoretical 

fundamental mode cut-off wavelength was 1.53 µm. At this wavelength, the bending loss 

of the LP01 mode is significantly high (>500 dB/m), which indicates that the light cannot 

be confined any more in the ring-core. Further coiling causes huge bending loss at the 

shorter wavelength side and it effectively makes the fundamental mode cut-off wavelength 

shift to shorter wavelengths. In practice, the induced loss of 5 dB/m (~70% loss of the 

power per unit length) is large enough for the fiber to be considered as ‘non-guiding’ [82]. 
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Based on this, the fundamental mode cut-off wavelength can be defined practically, which 

is called as the effective fundamental mode cut-off wavelength. In figure 3-6, the effective 

fundamental mode cut-off wavelength is 1.2 µm, when the fiber was coiled with a bending 

radius of 20 cm and it is shifted to the shorter wavelength by bending, 1.13 µm for a 

bending radius of 10 cm and 1.05 µm for a bending radius of 5 cm. A significant 

discrepancy exists between the effective and theoretical fundamental mode cut-off 

wavelength. As presented in figure 3-6, the wavelength space between the theoretical and 

the effective fundamental mode cut-off is ~ 0.3 µm for 20 cm bending radius, which is, in 

fact, too broad.  This should be considered when the fiber waveguide is designed. 

 

For fiber lasers, the bending loss at unwanted wavelengths should be high, while it 

should be maintained at a low value at the operating wavelength. For example, in figure 3-

6, the operating wavelength for the fiber laser should be less than 1 µm at a bending radius 

of 5 cm, where the bending loss in the fiber is maintained at a low value. Over 1 µm, the 

bending loss is too high to be used as a fiber laser. 

Figure 3-6. Bending loss at different bending radii (20 cm, 10 cm and 5 
cm) and effective indices of LP01 mode 
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3-2. Experimental investigation of Er:Yb co-doped step 

HOFs 
 

3-2-1. Fundamental mode cut-off characteristics of Er:Yb co-doped step 

HOFs 

 

The preform for Er:Yb co-doped step HOFs (LF202) was fabricated using the 

standard MCVD technique and solution doping technique. During HOF preform 

fabrication process, a hole was left at the final collapsing stage of the preform. It was then 

drawn into fibers having different outer diameters (ODs). Each fiber was coated with a 

high refractive index polymer (DSM314 : n~1.46). Depending on ODs, the core thickness 

and hole size is changed. Table 3-1 summarizes the fiber dimensions for each fiber and 

figure 3-7 shows the optical microscope image of a fabricated HOF. These fibers have a 

relatively large air hole. Due to this, higher order modes can be easily excited as mentioned 

in the previous section 3-1-1. This was verified in the numerical simulation, as shown in 

figure 3-8. All fibers have a very narrow single mode range, which makes it difficult to 

obtain single mode operation at the desired wavelength.  

 

Figure 3-7. Cross sectional image of fabricated Er:Yb-doped 
step HOFs (F512-LF202) 
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Er/Yb codoped 
HOF 

Outer diameter 
(µm) 

Hole diameter 
(µm) 

Core thickness 
(µm) 

∆n (NA) 

F512_LF202_1 125 10.5 1.9 0.012 (0.19) 
F512_LF202_2 110 9.2 1.7 0.012 (0.19) 
F512_LF202_3 85 7.1 1.3 0.012 (0.19) 

 

Figure 3-8 presents the changes of effective indices of three different modes (LP01, 

LP11, and LP21) as a function of the wavelength for different HOFs as listed in table 3-1. It 

is observed that for a fixed NA, depending on the core thickness, the LP01 mode cut-off 

wavelength changes significantly. Moreover, such fibers were multi-moded at most 

wavelengths, where light can be guided. The wavelength range for single mode guidance is 

not clearly seen, as presented in figures (a) - (c) and the higher order (LP11) mode is still 

maintained around the LP01 mode cut-off wavelength. According to these calculations, the 

higher order (LP11) mode can be fundamentally guided in these HOFs, which have a 

relatively large hole size. In order to produce single mode output beam quality in a fiber-

based laser system, it is preferred that the core structure supports only the fundamental 

mode at a laser operating wavelength. In terms of this, it is difficult to generate a single 

mode output in a HOF. In the HOF, the dominant factor for determining a single mode 

operation at desired wavelengths, is the hole size as mentioned in the previous section 3-1-

1 and a small hole size will be preferred for a robust single mode output. 

In figure 3-8, the separation between LP01 mode and LP11 mode cut-off wavelength 

is too narrow to separate them and their cut-off wavelengths are located very closely. In 

this case, it is difficult to define where the fundamental mode cut-off is. However, it is very 

clear that both LP01 and LP11 mode are cut-off from the ring-core of the HOF, and it 

produces the filtering characteristic in the HOF. In order to prove this cut-off filtering in 

HOFs, white light (400 nm-1700 nm) was transmitted through the fiber and the 

transmission spectrum was monitored using an optical spectrum analyzer (OSA). 

Table 3-1. The index structure of fabricated Er:Yb co-doped step HOFs  
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Figure 3-9 shows the experimental transmission characteristics of such fibers. The 

modal cut-off wavelengths were checked by bending the fibers at different curvatures. 

Generally, the modal loss occurred beyond the cut-off wavelength of the mode. This is 

called a modal leakage loss, and it can be shifted to the shorter wavelengths by bending the 

fiber. In practice, the fundamental mode contains the highest portion of the power 

compared to the other modes and its cut-off generates a significant propagation loss, which 

can be measured in the simple white-light transmission measurement.  Figure 3-9 exhibits 

the white light transmission spectra through the fabricated step HOFs presented at table 3-1. 

Figure 3-8. The changes of effective indices of fabricated fibers. (a) OD 
125 µm, (b) OD 110 µm, (c) OD 85 µm. 
 

(a) (b) 

(c) 

0.8 1.0 1.2 1.4 1.6
1.450

1.451

1.452

1.453

1.454  LP01 mode

 LP11 mode

 LP21 mode

Wavelength (µµµµm)

0.8 1.0 1.2 1.4 1.6
1.4500

1.4502

1.4504

1.4506

1.4508

1.4510

1.4512

1.4514

1.4516
 LP01 mode

 LP11 mode

 LP21 mode

Wavelength (µµµµm)

0.8 1.0 1.2 1.4 1.6
1.450

1.451

1.452

1.453

1.454

1.455

E
ff

ec
ti

ve
 in

d
ex

 (
a.

u
.)

Wavelength (µµµµm)

 LP01 mode

 LP11 mode

 LP21 mode



 

-56- 

 

 

In figure 3-9, HOFs clearly exhibit the fundamental mode cut-off, which depends 

on the core thickness of such fibers. The fiber with OD of 125 µm has the fundamental 

mode cut-off at ~1500 nm and when the OD was reduced to 110 µm and 85 µm, the 

fundamental mode cut-off wavelength shifted to the shorter wavelength, ~1480 nm and 

~1100 nm respectively. After the fundamental mode cut-off wavelength, light is not 

Figure 3-9. Transmission spectra of Er:Yb co-doped step HOFs  (a) 
OD 125 µm, (b) OD 110 µm, and  (c) OD 85 µm. 
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confined anymore in the core. In addition, coiling of the fiber makes the fundamental mode 

cut-off wavelength shift to the shorter wavelength side. This property of the HOF indicates 

that it could be used for a distributed wavelength filter. This is a similar kind of behaviour 

as observed in the W-type fiber structure [37]. Such characteristics of HOF could be useful 

to realise fiber lasers and amplifiers at shorter wavelength, for example, a 930 nm laser 

from a Nd-doped fiber by suppressing the four-level transition at 1060 nm, an S-band 

amplifier/laser from an Er-doped fiber by suppressing the distributed ASE in the C-band. 

In addition, if the hole size is properly controlled, the single mode operation wavelength 

range in the HOF can also be increased.  

 

3-2-2. Er:Yb co-doped step HOF laser operating at 1544 nm  

 

HOF has advantages over conventional solid core fiber in laser applications, such 

as a relatively larger effective core area due to the ring-core structure. As a result, high 

pump absorption is possible in a double-clad configuration, and thus allows the use of 

short fibers with reduced nonlinear effects. Therefore, such a structure could be useful for 

power scaling from fiber lasers. In the following section, the lasing performance of 

cladding pumped Er:Yb co-doped HOF (EYDHOF) in the 1550 nm spectral region is 

presented.  

Laser operation in the eye safe 1550 nm region from Er is important for many 

applications such as remote sensing and satellite optical communication, range finding, 

spectroscopy, and high capacity optical communications. Sensitising Er doped fiber with 

Yb is a well-known technique to broaden the pump absorption band. In addition, the pump 

absorption in Er:Yb co-doped fiber (EYDF) increases by an order of magnitude compared 

to Yb free Er doped fiber, and thus makes it attractive to construct a high power fiber laser 

in the 1550 nm band. In fact, an Er:Yb co-doped fiber laser (EYDFL) with an output power 
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of greater than 100 W has been reported recently [86]. However, significant Yb co-lasing 

at 1060 nm was observed at high pump powers, which in fact degrades the 1550 nm output 

performance.  In an Er:Yb system, the Er ions are pumped indirectly via energy transfer 

from Yb ions. As the pump power increases, more and more Yb ions are excited, and at 

some point the Yb-excitation reaches a level where it starts to lase at 1060 nm, and finally 

the energy transfer between Yb and Er ions becomes ‘bottle-necked’. Therefore, in order to 

improve the performance of EYDF at high pump powers, it is important to control either 

the fiber geometry or the composition that will suppress the Yb co-lasing at 1060 nm. For 

example, a phosphosilicate host is now considered to be the best for efficient energy 

transfer from Yb to Er by preventing the backflow of energy, and thus increasing the Yb 

co-lasing threshold [87]. However, the effect of fiber geometry for efficient operation of 

the Er:Yb system has not been fully explored. Here, the performance of a cladding pumped 

EYDHOF laser for operation in the 1550 nm band is presented. 

For the fiber laser in the 1550 nm range, the Er:Yb co-doped preform, which was 

same as that used in the previous section 3-2-1, was employed. Additionally, in order to 

improve the pump absorption in a cladding-pumped configuration, the preform was milled 

to make a D-shaped and, as a result, the preform had a diameter of 12.2/11 mm along the 

long/short axes. Fibers were then drawn from the preform with different ODs: 125 µm 

(F507-LF202-1), 150 µm (F507-LF202-2) and 250 µm (F504-LF202) respectively. They 

were coated with a low index polymer outer cladding, which provided a nominal inner-

cladding NA of 0.48 for the cladding-pumped configuration. Here, fiber diameters (based 

on the long-axis) were larger than that used in the previous section, 3-2-1, because the fiber 

with small OD does not allow the guidance of the signal at 1550 nm, as shown in figure 3-

8, due to the loss caused by the fundamental mode cut-off. The dimensions of each fiber 

were shown in table 3-2.  
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  Table 3-2. Fiber parameters and calculated guided mode number in the core layer 

 
Fiber diameter 

(µm) 

Core thickness 
(µm) 

Hole diameter 
(µm) 

Mode number* 
(@1550nm) 

125 ~2.0 11 2 

150 ~2.4 12 3 

250 ~3.2 27 8 
   * calculated guided mode number 

 

The guided fundamental mode in HOF is ring-shaped and the higher order modes, 

such as LP02, LP03 etc, can easily be suppressed depending on the core thickness. However, 

the other higher order modes such as LP11 and LP21, can be supported and excited easily in 

the hollow structure. According to the modal analysis, the current fibers are multi-moded. 

This is due to the large hole size and the high NA in the fiber. The calculated guided mode 

numbers at 1550 nm for three different fibers (125, 150, and 250 µm fibers) are 2, 3 and 8 

respectively. Although the current fibers are multi-moded, single-mode operation is 

possible by controlling the NA, hole size and the core thickness in the fiber. 

The laser configuration is shown in figure 3-10. It consists of a 6 m long double 

clad EYDHOF (bending radius : 20 cm), pumped by a 915 nm (or 975 nm) fiber-coupled 

multimode laser diode through a combination of collimating lenses, such that as much as 

80% of the pump could be launched into the fiber. The laser cavity was formed between 

perpendicularly cleaved end facets of the fiber (4% Fresnel reflections). Two types of 

dichroic mirrors (as shown in figure 3-10) were used in the set up; one for separating the 

pump from the signals (high reflectivity @ 915-980 nm and high transmission both @ 

1060 and 1550 nm), and the other one for separating the Er signal from the Yb signal (high 

reflectivity @ 1060 nm and high transmission @ 1550 nm). The small-signal absorption at 

the pump wavelength (915 nm) was ~ 1dB/m. 
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Figure 3-11 shows the laser output characteristics. The lasing wavelength was 1535 

nm in the case of both the 125 and 150 µm diameter fibers and 1544 nm for 250 µm fiber. 

The slope efficiency (η) improved significantly with increasing fiber diameter, and it was 

8%, 10% and 25% respectively (with respect to launched pump power) for 125, 150 and 

250 µm fibers. The smaller core thickness fibers showed relatively low slope efficiencies 

because the loss at the signal (~1550 nm) is increased and the induced modal loss is caused 

by the fundamental mode cut-off. As shown in figure 3-9 in the previous section 3-2-1, the 

fundamental mode cut-off wavelength of the fiber with 125 µm cladding diameter was 

measured, which was ~1570 nm when the fiber was not bent. The leakage loss of the 

fundamental mode start to occur from ~1400 nm and increases rapidly as the wavelength 

increases. This reduces the gain at the signal wavelength (1544 nm). Otherwise, the light at 

1060 nm is well-guided and has a relatively low loss. As the pump power increases, the Yb 

gain at 1060 nm is growing enough to overcome the total cavity loss and co-lasing at 1060 

nm is occurring.  Furthermore, according to the bending loss calculation in the previous 

section 3-1-3, the induced bending loss near the fundamental mode cut-off wavelength, is 

very significant. In the laser configuration, the 6 m fiber length was used and it is not 

Er/Yb doped step HOF 
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Figure 3-10. The laser arrangement for Er/Yb co-doped HOF. HR: high 
reflectivity, HT: high transmission 
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practically possible to keep the fiber straight the fiber in order to reduce bending loss. 

Hence, it might also cause the significant bending loss at the signal wavelength (~1544 

nm) at a relatively large bending radius (~20 cm) and degrade the efficiency contributed by 

Er-ions. 

On the other hand, as the diameter increased the Yb co-lasing at 1060 nm became 

less and less pronounced because the loss at 1550 nm is significantly reduced and the 

energy transition between Yb and Er becomes more effective. In fact, for 250 µm diameter 

fiber we did not observe any 1060 nm lasing at the maximum pump power.  

 

Figure 3-12 shows the laser thresholds, both at Er and Yb wavelengths, as a 

function of the fiber diameter. The Yb threshold at 1060 nm was increasing rapidly as fiber 

diameter increased. The laser performance of 250 µm diameter fiber was also measured 

using a 975 nm pump source with a similar fiber laser setup, as shown in figure 3-13. The 

Figure 3-11. Laser output characteristics of Er/Yb co-doped HOF both at ~1.55 µm 
and 1.0 µm depending on the fiber diameter, ηlaun : slope efficiency with respect to 
the launched pump power, ηabs : slope efficiency with respect to the absorbed pump 
power. 
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3 m fiber length was used. 2.5 W of output power at 1544 nm was obtained when 12.6 W 

of pump was launched, with a 26% slope efficiency with respect to the launched power 

(29% with respect to the absorbed pump power), as shown in figure 3-11. No indications 

of Yb-lasing even at maximum output power were observed.  

 

 

 

Figure 3-12. The laser threshold as a function of the fiber diameter. 
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Figure 3-13. Laser output characteristics of 250µm diameter Er:Yb doped 
HOF when pumped by 970 nm laser diode. 
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The differences between the Yb and Er threshold, and its dependence on fiber 

diameter, can be attributed to the differences in signal overlap factors (Γs) and the leakage 

loss as mentioned before between the larger and the smaller core thickness (tcore) fibers. 

Here, the signal overlap factor is defined as a fraction of a modal intensity in the doped-

core. Normally, the intensity distribution in a fiber at longer wavelength is broader than 

that at the shorter wavelength. In the case of EYDHOFs, the overlap factors at each 

wavelength are highly dependent on the fiber geometry, in contrast to the normal solid core 

fiber. According to the calculations, the overlap factor for tcore of 3.2 µm (OD:250 µm) 

EYDHOF is 7.6 times larger than tcore of 2.0 µm (OD:125 µm) at 1550 nm (Er lasing 

wavelength). Whereas, the overlap factor at 1060 nm (Yb-lasing wavelength) is just 1.4 

times larger in the case of 3.2 µm core fiber compared to the small core one. Therefore, the 

small core fiber has a much broader intensity distribution and is more attenuated at longer 

wavelengths. On the other hand, the thicker core would have the better overlap factor at 

longer wavelengths, causing both high gain at the 1550 nm band and a high threshold at 

1060 nm. 

The measured beam quality (M2) factors of 125, 150 and 250 µm fibers were 1.5, 

2.4 and 5.2 respectively, and were found to be very much dependent on the number of 

guided modes in the core. The guided mode numbers at 1550nm for different fibers are 2, 3 

and 8 for 125, 150 and 250 µm fibers respectively (Table 3-2). Although the current large 

OD fiber has a beam quality of 5.2, it is possible to improve the beam quality by 

controlling the NA and the core thickness in the fiber, and thus it is possible to achieve a 

single-mode operation in the 1550 nm wavelength range.  

The beam quality factor (M2 value) of the fundamental mode (ring-shaped mode) in 

the HOF is not defined theoretically. This may be different from M2 value = 1 of a purely 

single mode (LP01) in a conventional step index fiber. According to a simple calculation 
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using an existing method [84], the calculated M2 value HOF with small hole (2 µm hole 

radius) was 1.27. However, when the hole size was increased (>8 µm hole radius), 

calculated results showed unreasonable value, less than 1. This means that the calculation 

method cannot be used for the HOF. Therefore, in order to reach a theoretically acceptable 

M2 value of the fundamental ring-shaped mode in the HOF, more serious theoretical and 

mathematical research is required and this is out of scope of this thesis. Throughout the 

thesis, the measured M2 value will only be considered, and for the reasonable expectation 

on M2 value of the HOF, the M2 value is measured after the hole in the HOF is collapsed.  

 

3-3. Summary  
 

In this chapter, the modal properties of the step HOF and the laser performance of 

Er:Yb co-doped step HOF were investigated. The main property of the step HOF is that it 

exhibits the fundamental mode cut-off at a finite wavelength depending on the ring-core 

structure. This can be used for the distributed wavelength filter to suppress unwanted 

emission in rare-earth doped fiber lasers and amplifiers. Furthermore, the ring-core 

provides the relatively larger core area compared to the normal step index fiber and it can 

improve the pump absorption in the cladding-pumped configuration. However for many 

applications, the sharpness of the fundamental mode cut-off needs to be improved in order 

to use such a fiber as a distributed wavelength filter. For example, the laser wavelength in 

Er:Yb co-doped step HOFs was 1544 nm, which could not be shifted to the shorter 

wavelength (S-band). This was due to the slow dependence on the wavelength of the 

fundamental mode filtering, which means that the modal leakage loss at the shorter 

wavelength is also high and it prevents the gain from overcoming the ground state 

absorption (GSA) at the shorter wavelength (<1530 nm). 
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 Laser performance of double clad Er:Yb co-doped HOF was also presented. The 

maximum output power was 2.5 W at a slope efficiency of 26% with respect to the 

launched pump power (29% with respect to the absorbed pump power) when the core 

thickness was 3.2 µm (OD:250 µm). In this fiber, the fundamental mode cut-off was 

located at a longer wavelength (~2000 nm), which is beyond the range of the optical 

spectrum analyzer (OSA). As the core thickness becomes smaller, the fundamental mode 

cut-off shifts to the shorter wavelength side. In the case of the 2.0 µm core thickness (OD : 

125 µm), the fundamental mode cut-off wavelength was ~ 1570 nm. The slope efficiency 

was only 8 % with respect to the launched pump power. The degradation of the slope 

efficiency was due to the modal leakage loss and poor overlap factor with the doped core at 

the signal wavelength (1544 nm) induced by the fundamental mode cut-off in the step HOF. 

This was related to the threshold of Yb co-lasing at 1060 nm, which was dependent on the 

core thickness. In the step HOF with the larger core thickness (the low loss and high 

overlap factor at the signal wavelength), the energy transfer from Yb to Er was more 

efficient, which increase the threshold of Yb co-lasing. Otherwise, the threshold of Yb-co 

lasing at 1060 nm was decreased in the step HOF with the smaller core thickness (the large 

loss and low overlap factor at the signal wavelength). The current result indicates that the 

prospect for significant improvement in the output power from a hollow fiber laser at an 

eye safe wavelength is promising.  
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Chapter 4. Nd:Al-doped Depressed clad hollow 

optical fiber 
 

The hollow structure exhibits the fundamental (LP01) mode cut-off in a finite 

wavelength as mentioned in chapter 3. Such a property of the HOF allows it to act as a 

distributed wavelength waveguide filter.  It is normally employed to suppress the unwanted 

stimulated emissions in rare-earth doped fibers. For example, a Nd-doped fiber laser 

(NDFL) operating at 930 nm (quasi-three level) requires the suppression of the stimulated 

emission at 1060 nm (four-level). For the effective suppression of undesired emissions in a 

fiber itself, the fundamental (LP01) mode at that wavelength should escape the core rapidly. 

Otherwise, the desired signal could be affected by the loss induced by the LP01 mode cut-

off. In the previous chapter, the fundamental mode cut-off characteristics of step HOFs 

were reviewed. It was noted that the fundamental mode cut-off characteristic of the step 

HOF was not sharp. In practice, the induced loss caused by the cut-off affected a broad 

wavelength range (~ 300 nm below the fundamental mode cut-off). In addition, around the 

fundamental mode cut-off, the fiber becomes highly bend sensitive, which induces 

significant loss around the operating wavelength in the fiber.. Therefore, the step HOF was 

not the best solution for the distributed wavelength filter.  

Considering the pump absorption in the cladding-pump configuration, the ring-core 

structure is still superior to the normal step-index core fiber because of the relatively large 

core area [15]. Therefore, in order to meet the sharp filtering chactacteristic and also to 

maintain the ring-core structure of step HOFs, the modified hollow structure is required. In 

this chapter, the depressed clad hollow optical fiber (DCHOF) is proposed and its 

waveguide properties and filtering characteristics is presented theoretically and 
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experimentally. Using such properties, Nd-doped DCHOF operating at 930 nm is 

demonstrated.  

 

4-1. Waveguide properties of the DCHOF 

 

4-1-1. Characteristic equation for the DCHOF 

Figure 4-1 shows a depressed clad hollow index structure with an air hole at the 

center of the fiber, a ring-shaped core  (con ) surrounding the central air hole, a depressed 

refractive index of the first cladding (dipn ) and a second cladding ( 4571.1=cladn (silica)). 

 

The air hole radius, the outer radius of the core and the outer radius of the 

depressed clad are airr , cor and dipr  respectively . In the same way as with the step HOF in 

chapter 3, the weakly guiding condition and the linearly polarized (LP) modes were 

assumed for the numerical simulation. The radial dependence of the transverse field 

component can be written as, 
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Figure 4-1. Schematic refractive index structure of DCHOF 
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Here, r is the radial position, )5,4,3,2,1,0( =iAi  is constant, and )(),( mmmm KIYJ  

are Bessel functions of first (second) kind and modified Bessel functions of first (second) 

kind respectively. The mode parameters are defined as ,2
0

2 kv −= β  ,22
0

2 β−= knu co  

,2
0

22 knw dip−= β  and 2
0

22 kns clad−= β , where β  is the propagation constant of the 

mode and 0k  is the vacuum wave number. We can define a modal effective index ( effn ) as 

0/ kneff β= . The field and its radial derivative must be continuous at the three boundaries 

( airrr = , corr =  and diprr =  ) and can be written as, 
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From these conditions, the characteristic equation is obtained as follows: 
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All mode properties such as mode field or guiding properties are functions of the 

propagation constant β . The characteristic equation (4-3) can be solved numerically for 

the quantized propagation constant β . Once β  is known, each mode parameter, 

wuv ,, and s , can be obtained and also the mode profile and the cut-off wavelength of each 

mode can be estimated. 

The DCHOF was designed for a NDFL operating at 930 nm. In the case of the 

NDFL, there are two strong emission bands, 930nm emission band (4F3/2�
4I9/2) and 

1060nm (4F3/2�
4I11/2). In order to improve the laser preformance at the 930 nm emission 

band, the suppression of the strong four-level (4F3/2�
4I11/2) transition in the 1060 nm 

wavelength range, is required because the stimulated emission at 1060 nm strongly 

competes with the 930 nm emission. For this suppression, the distributed wavelength 

filtering is one option.  

 

4-1-2. Effective indices of guided modes in DCHOFs 

 

  In order to investigate the fundamental mode cut-off of the DCHOF, the effective 

index of the LP01 mode was calculated, based on the characteristic equation which was 

shown in the previous chapter. For this, both the refractive indices (nco and ndip) of the ring-

core and the depressed clad were fixed, which provides a NAco of 0.09 (∆nco = ~ 0.0027) 

and a NAdip of 0.08 (∆ndip ~ 0.002) in the core and the depressed clad respectively. This is 

with respect to the silica outer cladding. In general, the refractive index of the core and the 

depressed cladding was mainly determined by the composition of materials deposited 

during the MCVD process.  

Other variable parameters in the DCHOF are the air hole size, the depressed clad 

width and the core thickness. For simplicity of the numerical simulation, both the air hole 
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and the depressed clad size were fixed at 2 µm for the radius and 8 µm for the width. If the 

refractive index of the core is fixed, the fundamental mode cut-off wavelength is mainly 

determined by the core thickness rather than by other parameters. In order to get the 

propagation constants of each mode, the characteristic equation (4-2) was solved 

numerically. Figure 4-2 shows the effective index changes of the fundamental (LP01) mode 

as a function of core thickness and wavelength, where the bold line indicates the 

fundamental mode cut-off wavelengths at different core thicknesses. 

For the NDFL operating at 930 nm, the fundamental mode cut-off should be 

located between the four-level emission band at 1060 nm and the quasi-three level 

emission band at 930 nm. In order to meet this condition, the core thickness will be ~ 3.9 

µm in figure 4-2 (dotted line). If the core thickness is increased, the fundamental mode cut-

off wavelength shifts towards longer wavelengths. The fundamental mode cut-off 

wavelength also depends on both the hole size and the width of the depressed clad. 

However, their effects are not significant compared to the variation of the core thickness. 

 

Figure 4-2. The variation of effective indices of LP01 mode depending 
on wavelength and core thickness; the NAco and NAdip are 0.09 and 
0.08 respectively, the width of depressed clad is 8 µm and hole radius 
is 2 µm. 

LP01 mode cut-off 
LP01 mode guiding 
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Figure 4-3 shows the variation of effective indices of the LP01 mode at 1060 nm as 

a function of the width of the depressed clad at different hole radii. Here, the NAco of the 

ring-core and NAdip of the depressed clad were fixed as 0.09 and 0.08 respectively. The 

core thickness was also maintained at the same value of 3.8 µm and the operating 

wavelength was 1060 nm. As shown in figure 4-3, in the case of 1 µm hole radius, at a 

range of < 3.8 µm, if the width of the depressed clad becomes smaller, the effective index 

of the fundamental mode is increased and becomes higher than the refractive index of the 

silica cladding, which indicates that the LP01 mode is guided through the ring-core at 1060 

nm. On the other hand, when the width of the depressed clad is higher than 3.8 µm, there is 

no eigensolution for that case, which means that there is no guided mode through the core. 

In addition, the hole size also affects the fundamental mode cut-off wavelength. The large 

hole size compensates for the small width of the depressed clad.  

 

Figure 4-3. The variation of effective indices of LP01 mode depending 
on the hole radius and the width of depressed clad; the NA of ring core 
and depressed clad are 0.09 and 0.08, core thickness is 3.8 µm and the 
operating wavelength is 1060 nm. 
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Table 4-1 shows the variation of the fundamental mode cut-off wavelength around 

1060 nm when each fiber design parameter is varied. The variation of the core thickness 

and the NAco results in the large movement of the fundamental mode cut-off, while the 

width, NAdip of the depressed clad and hole diameter makes a relatively small effect on 

that. Therefore, critical fiber parameters are both the thickness and NAco of the core. In 

general, the NAco of the fiber is determined by the composition of the fiber core material in 

the MCVD and solution doping process (eg. solution concentration). The fiber drawing 

process determines the fiber core size. For a proper cut-off wavelength, the core NA should 

be initially designed and controlled through the preform fabrication process and later, by 

varying the fiber diameter in drawing process, the required core thickness is achieved.  

 

Table 4-1. The variation of the fundamental mode cut-off wavelength depending on the 
tolerance of  each fiber parameter. 

  

Fiber 
parameter 

Core thickness 
The width of 

depressed clad 
Hole diameter NAco NAdip 

Tolerance ±1 µm ±1 µm ±1 µm ±0.01 ±0.01 

LP01 mode 
cut-off shift ±0.31 µm ±0.01 µm ±0.04 µm ±0.16 µm ±0.04 µm 

 

Depending on the hole size, the DCHOF can be multi-moded at a certain 

wavelength, similar to the behaviour of the step HOF, shown in the previous chapter 3. 

Figure 4-4 shows the effect of the hole size on effective indices of LP01, LP11, and LP21 

mode at 930 nm as a function of the hole radius. Here, the core thickness was 4 µm and the 

width of the depressed clad was 8 µm. The NAs of the core and the depressed cladding 

were 0.09 and 0.08 respectively. This corresponds to the LP01 mode cut-off wavelength of 

1060 nm in the fiber. The operating wavelength was 930 nm. Here, the LP11 mode at 930 
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nm appears above 5 µm of the hole radius and then, above 13 µm of the hole radius, the 

other higher order mode, LP21 mode, is excited in the core. The larger hole size easily 

causes a multi-mode guided core at 930 nm. Therefore, in order to maintain a single-mode 

guiding in the core, the small hole radius is preferred. The hole radius should be less than 5 

µm. In figure 4-4, with the small hole size, the effective index of the LP01 mode is 

increased, which means that such a mode can be confined more strongly in the core and 

becomes more resistant to the bending loss. Thus, the small hole size in DCHOF is better 

than the large hole size.  However, the small hole size accompanies the small core area in 

the DCHOF and thus, it is not the best choice in terms of the pump absorption in the 

cladding-pump configuration. Therefore, when the DCHOF is designed, both hole size and 

core thickness should be considered properly. Hole size is initially determined in the 

preform in the MCVD process by controlling the preform diameter in final collapsing 

process. This is done by controlling the collapsing temperature and maintaining the gas 

flow (or pressure) in the tube. ~1 mm of the final hole size and ~12 mm of the final 

prefrom diameter is regularly obtained in the perform. The refractive index profile is 

measured by the preform analyzer (P104, York Technology). It is a critical part of the 

fabrication process to provide a desired hole size and it also determines the core thickness 

in the preform. However, during the fiber drawing process, the hole size is varied 

depending on the drawing conditions such as furnace temperature and drawing speed. For a 

desired DCHOF, all the fiber fabrication process should be carefully managed.   
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4-1-3. Modal field distribution in DCHOFs 

It is important to investigate the modal field distribution in the fiber because it 

determines the overlap factor with the doped core, which is one of the important factors for 

the estimation of the gain in rare-earth doped fibers. In this section, the mode field shape 

and overlap factor with the doped core in the DCHOF is presented.   

From the characteristic equation (Equation 4-3), the propagation constants (β) and 

the parameters sandwuv ,,,  are calculated in the same manner as with the step HOF in 

previous chapter. Figure 4-5 shows normalized modal field distributions of different 

guided modes (LP01 and LP11) in a DCHOF with a hole radius of 4 µm and a core 

thickness of 4 µm.. The width of the depressed clad was 8 µm. The corresponding NAs of 
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Figure 4-4. The effects of hole size on core guiding characteristics of 
Nd/Al-doped DCHOF; λ  : 930nm, core thickness : 4 µm, the width of 
depressed clad : 8 µm, core NA and depressed clad NA : 0.09 and 0.08 
respectively 
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the core and the depressed clad were 0.09 and 0.08 respectively. The operating wavelength 

was 850 nm, which was chosen to investigate the field shape of the LP11 mode. At this 

wavelength, other higher order modes (LP21, LP31 and LP02 etc.) do not exist in such a core 

structure.  

 

 

Using a modal field distribution, the modal overlap factor of the signal in the fiber 

useful for an estimation of the gain in rare-earth doped fiber, can be obtained. In general, a 

large overlap factor gives the large gain. In the step HOF, as presented in the previous 

chapter, the overlap factor of a signal was significantly reduced near the fundamental mode 

cut-off wavelength and the mode field diameter (MFD) of the signal was increased, which 

indicates that the modal power easily leaks out from the core to the cladding (modal 

leakage loss). This was experimentally demonstrated in the Er:Yb co-doped step HOF. The 

laser efficiency was significantly decreased due to the reduction of the overlap factor. 

Contrary to this, for the DCHOF, the optical field does not get broadened even near the 

fundamental mode cut-off and is much less attenuated, which means that it has a more 

distinct fundamental mode cut-off characteristic. Figure 4-6 shows normalized modal field 

Figure 4-5. Normalized modal field distribution of (a) LP01 mode and (b) 
LP11 mode at 850 nm in the DCHOF; core thickness: 4 µm,  the width of the 
depressed clad : 8 µm, hole radius : 4 µm, NAco : 0.09 and NAdip: 0.08. 
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distributions in the DCHOF with several different core thicknesses at 900 nm. Other fiber 

parameters were same as used in figure 4-5.  This indicates that the signal overlap factor 

with a ring-core will not be significantly changed at different core thicknesses. 

 

 

 

 In order to verify this, the change in overlap factor with the ring-core as a function 

of the wavelength at two different core thickness were calculated, as shown in figure 4-7. 

Even at the wavelength close to the fundamental mode cut-off, the overlap factor with the 

ring-core is well-maintained at more than 70%, which enables very effective practical 

separation of the desired wavelength from the undesired band.  

Figure 4-6. Normalized modal intensity distribution of LP01 mode in the 
DCHOF at 900 nm for different core thicknesses (3.5 µm, 4.0 µm, and 5.0 
µm 
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4-1-3. Bending loss properties in DCHOFs 

 

In the previous chapter, the step HOF shows very high bending sensitivity near the 

fundamental mode cut-off wavelength. The bending loss was significant on a broad 

operating range (~ 300 nm) and was increased by the additional coiling of the fiber. The 

bending loss is detrimental in order to obtain a sharp filtering between desired emissions 

and undesired emissions. On the other hand, the DCHOF shows improved performance in 

the slope of the filtering characteristic compared to the step HOF. Figure 4-8 shows 

effective indices and bending loss of the LP01 mode as a function of wavelength at 

different bending radii. Here, the core thickness was 4 µm and the width of depressed clad 

was 8 µm. The NA of the ring-core and NA of the depressed cladding were 0.09 and 0.08 

respectively. The bending loss was confined to the relatively narrow range, only ~ 60 nm 
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compared to the step HOF, which is good for the sharp filtering of the unwanted emission 

as well as to maintain low loss at the operating at the desired wavelength e.g. 930 nm for 

Nd-doped fiber. In addition, the fundamental mode cut-off wavelength shifts effectively to 

shorter wavelengths by bending of the fiber.  

 

 

 

4-2. Nd:Al-doped DCHOF laser operating at 930 nm 

 

To date, the output power of fiber lasers and amplifiers has been significantly 

increased. In particular, the cladding-pumped Yb-doped fiber lasers have already beem 

achieved kW level output power [5, 6] at 1.1 µm (four-level system), which can compete 

Figure 4-8. Effective indices and bending losses as function of wavelength. The 
core thickness : 4 µm, the core NA : 0.09, the depressed clad width : 8 µm, the dip 
NA : 0.08, and the Hole radius : 4 µm. 
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with solid-state lasers in many applications such as material processing. However, a 

relatively low pump absorption in the cladding-pump configuration, compared to the core 

pumping configuration, still remains challenge in realizing three (or quasi three)- level 

fiber lasers and amplifiers such as the 930 nm laser based on Nd-doped fiber. This is due to 

the unwanted four or quasi-four level laser transition that competes with the three level 

laser transition which has the high threshold due to the ground state absorption (GSA). 

Therefore, in order to realize the high efficiency and high power of the three-level fiber 

laser, the high pump absorption and the suppression of the unwanted four (quasi-four)- 

level transition are essential.  

There are several approaches to realize NDFL operating at 930 nm. One of the 

options is to reduce the GSA. At very low temperatures, Nd ions in the silica glass host act 

as a four-level transition system at 930 nm, which enables the reduction of the laser 

threshold. Using this, a cladding-pumped, nitrogen-cooled, high power 938 nm amplifier 

was demonstrated [88]. However, this is not practical in real applications. Another option 

is to use a host material with favourable spectroscopy at 930 nm such as germano-silicate 

[50]. However, in the case of the germano-silicate, the solubility of Nd-ions in such a host 

is so low that it makes the 930 nm laser inefficient because of the longer device length and 

hence the increase in the background loss [121].  Contrary to this, the alumino-silicate host 

has the improved solubility of Nd-ions without a serious concentration quenching [112]. 

Finally, a distributed wavelength filter that suppress the four-level emission at 1060 nm 

can be used. For this, the filter should be distributed along the fiber. Otherwise, the gain at 

1060 nm is so high that the strong emission at such a wavelength would prevent the 

amplified emission at 930 nm and degrade the laser efficiency in this wavelength.  

Several types of the fiber have been suggested. One of these is W-type fibre and the 

other is DCHOF which is considered here. As described in the previous section, DCHOF 
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also has the fundamental (LP01) mode cut-off at a certain wavelength. It provides the 

distributed wavelength filter characteristic. Previously, using W-type fiber, a high power, 

high beam quality 930 nm Nd-doped fiber laser was demonstrated [8, 51].  However, it is 

difficult to scale to large core areas because if the core area becomes bigger, the 

fundamental cut-off cannot be maintained at the desired wavelength. By reducing the core 

NA, the core area can be increased but, the low NA fiber makes the cut-off less distinct. In 

order to solve this, the DCHOF is suggested in this thesis.  

 

4-2-1. Comparisons among W-type fiber, step HOF and DCHOF 

 

 As mentioned before, the stimulated emission at 1060 nm should be suppressed for 

an efficient NDFL operating at 930 nm. In order to do this, the distributed wavelength 

filter can be used. There are several types of such fiber; W-type fiber, step HOF and 

DCHOF, which was presented in the earlier chapter. Generally, such fibers have a common 

feature in a refractive index structure, which is a negative dielectric volume. It means that 

an average refractive index at the core area is less than that of the cladding [14]. In that 

case, the effective index of the fundamental mode can be lower than that of the cladding, 

where the fundamental mode is leaking from the core. 

For W-type fiber, the refractive index structure consists of an index-raised core, a 

depressed clad around the core and a cladding. The depressed clad around the core 

decreases the average refractive index of the core. Therefore, in W-type fiber, the design of 

the depressed clad is critical to obtain the fundamental mode cut-off at the required 

wavelength. Both step HOF and DCHOF have the same feature as W-type fiber, where the 

hole plays a key role in reducing the average refractive index of the core. In this section, in 
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order to find out the appropriate fiber structure for the NDFL at 930 nm, three types of 

fibers; W-type fiber, step HOF, and DCHOF, are compared. 

Figure 4-9 shows the variation of the effective index of LP01 and LP11 mode for 

different fibers. Here, the fundamental mode cut-off was set at 1100 nm for all fibers. In 

order to do this, the NA of the core was fixed at 0.09 for all fibers. The NA of the 

depressed clad in both DCHOF and W-type fiber was 0.08. The hole radius was 4 µm for 

both DCHOF and step HOF. The core size was only varied in order to set a similar 

fundamental mode cut-off wavelength. In order to find effective indices at each 

wavelength, the characteristic equation of each fiber structure was solved, which was 

shown in chapter 3. As mentioned before, the effective index determines most of the modal 

characteristics such as, a modal leakage loss, bending loss, and modal dispersion. In 

addition, the decay slope of effective indices determines the sharpness of the modal cut-off.   

In figure 4-9, in the case of the DCHOF, a relatively faster decay of effective index 

of the fundamental mode compared to other fibers was obtained. On the other hand, in the 

step HOF, the decay rate of the fundamental mode effective index is very slow and the 

effective index at each wavelength compared to other fibers is small. It means that the 

mode is poorly-guided and it experiences a high bending loss. W-type fiber shows a 

similar decay rate of the fundamental mode with DCHOF. Therefore, DCHOF and W-type 

fiber show the similar steepness of the fundamental mode cut-off.  
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However, there are big differences in the core area of such fibers. As shown in 

figure 4-9, the core area of the DCHOF is 5.5 times larger than that of the W-type fiber, 

which is an advantage of the DCHOF over W-type fiber in the cladding-pumping 

configuration. Large core area fiber can normally provide the large pump absorption and 

also mitigate fiber nonlinearity. Moreover, it guarantees relatively high extractable energy 

in a gain medium. These are, in practice, the main fiber design features for high power 

fiber sources. In addition, a single mode operation at a wanted wavelength is also preferred 

in most applications. As mentioned in the previous chapter, the higher order mode (LP11 

mode) is more easily excited in the hollow structure. As shown in figure 4-9, for both of 

the DCHOF and the step HOF, the higher order mode is more easily excited, contrary to 

the W-type fiber, and the single mode range is relatively narrow. The single mode range 

Figure 4-9. Effective index changes of LP01 and LP11 mode as a function of 
wavelength for three different fibers; W-type fiber, DCHOF and Step HOF. The 
silica cladding index : 1.45. 
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can be widened by reducing the hole size, as it causes the reduction of the core area. If the 

hole size is properly controlled, the core area in the DCHOF can be increased by a factor of 

4 ~ 5 compared to the W-type fiber, whilst still maintaining a single mode output at a 

desired wavelength. 

 The low effective index of the fundamental mode near cut-off wavelength causes a 

high bending loss, which is an important property for investigating the modal cut-off 

behaviour. Figure 4-10 shows bending loss for three types of fibers, which have the cut-off 

wavelength of the fundamental mode as shown in figure 4-9. Here, the bending radius was 

10 cm. In the case of the step HOF, the bending loss of the LP01 mode, is rapidly growing 

over 50 dB/m at 930 nm although the theoretical LP01 mode cut-off wavelength was same 

as with other fibers. This is due to much lower effective index at 930 nm compared to other 

fibers. If the fiber is straight, the bending loss is not induced at 930 nm. However, if the 

relatively long length of the fiber is used, it is not practical in real fiber devices. Otherwise, 

both the DCHOF and W-type fiber show significantly low loss at 930 nm, while the 

bending loss near the cut-off wavelength of the fundamental mode is extremely high, 

which prevents the effective separation between two emissions at 930 nm and 1060 nm in 

the Nd-doped silica fiber system. The high loss at 1060 nm is good for suppression of the 

stimulated emission at 1060 nm in Nd-doped fiber (NDF).In the DCHOF, the induced loss 

by coiling the fiber is much higher than the loss in the W-type fiber. In figure 4-10, the loss 

difference between 930 nm and 1060 nm is ~ 50 dB/m for DCHOF and ~ 1.6 dB/m for W-

type fiber respectively at the same bending radius. From this, DCHOF represents sharper 

cut-off characteristisc than W-type fiber and thus, it will provide more effective 

suppression of the unwanted suppression at the longer wavelength. 
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Figure 4-11 presents the variation of the overlap factor of the fundamental mode as 

a function of the wavelength. The overlap factor is important because it is one of the 

parameters determining the signal gain [78]. In theory, after the fundamental mode cut-off, 

no modes can be guided through the core, at which point the overlap factor will become 

close to zero, which means that the mode cannot obtain the gain. In practice, in the double-

cladding fibers, the escaped beam from the core still exists in the inner cladding (cladding 

modes), which will then overlap with a small portion of the doped core, which can 

experience the gain. However, due to the large ratio of the cladding to the core in normal 

double clad fibers, the portion of the overlap of the cladding modes is so low that it can be 

neglected. In figure 4-11, for the DCHOF and W-type fiber, the overlap factor of the 

fundamental mode, depending on the wavelength, is well-maintained with a large value (> 

80%), while after the cut-off wavelength of 1100 nm, it could not be calculated. On the 

Figure 4-10. Bending loss of LP01 mode as a function of wavelength for three 
different fibers; W-type fiber, DCHOF, and Step HOF; bending radius : 10 
cm 
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other hand, for the step HOF, the overlap factor of the fundamental mode gradually 

decreased, contrary to the other fibers. Moreover, the overlap factor becomes as low as 

10% just near the fundamental mode cut-off wavelength.  

 

 Based on the above simulation, both the DCHOF and W-type fiber is suitable for a 

NDFL at 930 nm. However, in the cladding-pump configuration, the large core area (the 

large doped area) is generally preferred. By reducing the NA of the core, the core size can 

be increased. In DCHOF and W-type fiber, how large the core can be scaled up to is 

investigated. Figure 4-12 shows the available core area as a function of the NA of the core, 

where the fundamental mode cut-off was set at 1100 nm for both the DCHOF and W-type 

fiber. In addition, the width and NA of the depressed clad was also same, at 8 µm and 0.08 

respectively. The core area in the DCHOF is 3-5.5 times larger than that in the W-type 

fiber, depending on the core NA, and thus the DCHOF shows a more scalable core area 

Figure 4-11. The overlap factor of the LP01 mode as a function of 
wavelength for three different fibers; W-type fiber, DCHOF, and Step 
HOF 
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than the W-type fiber. Therefore, DCHOF can provide the larger pump absorption, the 

larger extractable energy, and relatively low fiber nonlinearity. Due to these benefits, the 

DCHOF was chosen for the NDFL operating at 930 nm.  

 

 

4-2-2. Experimental investigation of continuous wave (CW) Nd-doped 

DCHOF laser operating at 930 nm 

 

A Nd:Al-doped DCHOF was fabricated using standard MCVD and solution doping 

techniques. A depressed clad is formed by adding the correct level of boron into silica 

matrix and a hole was left in the centre of preform at the final collapsing process. The hole 

diameter was ~ 0.8 mm. Fabricated preform (LF227) was milled to a double D-shape in 

order to improve the pump absorption in the doped core. The flat side (D-shaped) was 

Figure 4-12. The variation of the core area as a function of the core NA for the 
DCHOF and W-type fiber; Hole radius of DCHOF : 2 µm, The width and NA 
of the depressed clad : 8 µm and 0.08 respectively . 
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formed asymmetrically. The NA of the ring shaped core and the depressed clad was ~0.09 

and ~0.078 respectively. The core thickness ( airco rrt −= ) was ~ 0.2 mm and the width of 

the depressed clad was ~0.55 mm. The index structure of the fabricated preform is shown 

in figure 4-13 (a), which was measured by the preform analyzer (P104, York Technology). 

Due to the very low refractive index of the air hole, the hole size and the core thickness 

may not be accurate  and thus, it was used for the rough estimation of the preform structure. 

The preform was drawn to a fiber (F574-LF227) with 140 µm inner-cladding 

diameter and coated with a low-index polymer (UVF-375 from LUVANTIX) outer 

cladding, which provided a nominal inner-cladding NA of 0.48. The core comprised of a ~ 

4 µm Nd-doped ring around an air hole of 3.63 µm diameter, and the width of the 

depressed cladding is 7.8 µm. The pulled fiber cross section is shown in Figure 4-13 (b).  

 

 

Using the structure of the fabricated fiber, the modal characteristics of such a fiber 

geometry were calculated. Figure 4-14 (a) shows the effective indices of the fabricated 

fiber for different modes. Here, two important things are noticed. Firstly, the fundamental 

mode cut-off is ~1000nm as expected. As shown in Figure 4-14 (b) and (c), the modal field 

10µµµµm 

(a) (b) 

Figure 4-13. (a) Measured refractive index structure of the fabricated preform 
(LF227) and (b) the microscope cross-section image of pulled Nd-doped DCHOF. 
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is confined in the core at 930nm but this ring core does not guide any light at 1060nm. 

Secondly, the cut-off wavelength of the LP11 mode is 0.9 µm. Figure 4-14 suggests that the 

single mode operation range in the DCHOF is narrower than W-type fiber as mentioned in 

the previous section (figure 4-9). Also, the other higher order ring modes such as LP02 and 

LP03 are not supported in this structure 

 

 

 The fundamental mode cut-off wavelength of the fabricated Nd:Al-doped DCHOF 

was ~1030 nm as shown in figure 4-14 (a). This fitted well with the measured cut-off 

wavelength, which is deduced from the white-light transmission measurement shown in 

figure 4-15. Moreover, the loss difference between 930 nm and 1060 nm is around 15 

dB/m. With additional bending, the loss at the shorter wavelength is increased, which 

means that the fundamental mode cut-off is effectively shifted to the shorter wavelength 

with bending. The excessive coiling of the fiber causes a significant loss at 930 nm as well. 

Thus, the bending radius of the fiber is properly controlled to achieve the maximum output 
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power at 930 nm. The cladding absorption from the white light measurement was 0.48 

dB/m at 808 nm.  

 

The Nd:Al-doped DCHOF was pumped by a 808 nm multimode laser diode 

through a combination of collimating lenses and dichroic mirrors. As much as 60% of the 

pump power could be launched into the fiber. First, a simple laser cavity was formed 

between perpendicularly cleaved end facets of the fiber, providing 4% Fresnel reflections 

as shown in figure 4-16. Dichroic mirrors (high reflection at 930 nm, high transmission at 

808 nm) were used to separate signal and pump beams. The efficiency of the NDFL with 

different lengths was measured in order to find an optimum length. The bending radius of 

the fiber was 20 cm. In figure 4-17, for a 12 m long fiber, the output power reached 2.4 W 

with a slope efficiency of 45% with respect to the absorbed pump power. The threshold 

was 2.2 W of absorbed pump power. The variation in slope efficiency depending on fiber 

length is related with the propagation loss including ground state absorption (GSA) and 

Figure 4-15.  Spectrum of transmitted light from a tungsten 
filament lamp (fiber length : 1 m, OSA resolution : 1 nm) 
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induced bending loss at 930 nm. In addition, the signal that leaked out from the core still 

existed in the inner cladding, which also experiences the gain. It causes a loss as well and 

degrades the efficiency of the fundamental mode lasing in the core.  

 

 

 

Figure 4-16. Laser configuration (4% Fresnel reflections) of Nd:Al-doped 
DCHOF. DM1 : HR@808nm HT@930nm, DM2 : HR@930nm&@1060nm          
HT@808nm *DM : Dichroic Mirror *HT : High Transmission *HR : High 
Reflection. Bending radius : 20 cm 
. 
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Figure 4-17. Laser output characteristics of Nd:Al-doped DCHOF at 
different fiber lengths, η=slope efficiency with respect to the absorbed 
pump power 
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Next, the laser configuration using an external grating was constructed in order to 

check the tuning range of Nd-doped DCHOF at 930 nm as shown in figure 4-18. Here, one 

end of the fiber was perpendicularly cleaved (4% Fresnel reflection) and the other end was 

angle cleaved to suppress wavelength-independent feedback. The laser cavity was formed 

between the 4%-reflecting perpendicular cleave and a lens-coupled diffraction grating in a 

Littrow configuration. The first-order diffraction-efficiency was 60%. The single-pass 

pump absorption was 6.8dB. 

 

The residual pump was re-launched into the fiber via a mirror with high reflectivity 

at 808 nm. Figure 4-19 shows the laser output characteristics for a fixed grating position. 

The induced bending radius was 20 cm. The slope efficiency was 41% with respect to the 

launched pump power with a maximum output power of 3.3 W at 929 nm, and the 

threshold was 2.5 W of launched pump power. The inset in figure 4-19 shows the laser 

output spectrum at maximum pump power.  

Figure 4-18. Laser configuration with an external grating in Littow configuration 
and single ended output for Nd:Al doped DCHOF at 930 nm. 
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Figure 4-20 shows the tuning characteristics of a NDFL when the output power at 929 

nm was 2.2W. The laser was tunable from 917 nm to 936 nm.  

 

Figure 4-20. Laser tuning characteristics of 930nm Nd:Al-doped DCHOF 
at 2.2W output power. Inset : tuning spectra 
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 The beam quality factor, M2, at 929 nm was measured using the beam profiler 

(DataRay Inc.). According to the calculation, this fiber will support only the fundamental 

mode (LP01) at 930 nm. Since the fiber has a ring shaped core, the fundamental mode (LP01 

mode) is expected to have a ring shaped field distribution, which is different from the 

normal Gaussian mode, and thus the M2 value would be higher than unity. We measured 

M2 = 1.3, which is quite similar with the calculated M2 value of the ring-shape mode in the 

previous chapter. Next, we measured the M2 value after collapsing the hole in the output 

end of the fiber in order to obtain the Gaussian beam. The measured M2 value was 1.05, 

which means that this fiber laser is truly single mode, in agreement with our modelling. 

The power penalty after collapsing the end of fiber was around 5%, which shows that the 

collapsing process does not have significant impact on the output power. 

 

4-3. Q-switched laser operation at 930 nm using Nd:Al-

doped DCHOF  

 

 

4-3-1. Introduction to Q-switched NDFL operating at 930 nm 

 

Q-switched fiber lasers can generate energetic nanosecond pulses in a compact, simple, 

and robust way [89], and are of interest for applications in industry, sensing and medicine. 

Recently, a Q-switched cladding pumped Yb-doped fiber laser that could generate pulses 

in the mJ regime operating at ~1.1 µm was reported [90]. While the highest pulse energies 

have been reached with Yb-doped fiber lasers in this wavelength regime, other applications 

require other wavelengths. For example, a Nd-doped fiber laser (NDFL) at 0.9 µm can be 
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frequency-doubled to generate blue light for display applications. However, operation of 

this three-level laser around 930 nm, from the level 4F3/2 to the ground state (4I9/2), is much 

more challenging because of the competing unwanted four-level laser transition 

(4F3/2 � 4I11/2) at ~ 1060 nm with lower threshold. This is particularly so with high-energy 

pulses and cladding-pumping. With cladding-pumping, the obtainable Nd excitation levels 

are relatively low. Re-absorption reduces the gain at 930 nm relative to that at 1060 nm in 

this regime. The extractable energy from a fiber laser is proportional to the achievable gain 

at the operating wavelength (930 nm), but normally this is restricted to a relatively low 

value because of the higher gain at 1060 nm. Thus, for efficient high-energy pulse 

generation at 930 nm, it is necessary to suppress the 1060 nm gain so that a high 930 nm 

gain can be achieved. In addition, for high peak powers, an aluminosilicate host is 

attractive due to the relatively high permissible Nd-concentration. This helps to keep the 

fiber short and thus to suppress nonlinear scattering (e.g., stimulated Raman scattering). 

This is important with the high peak powers often reached in the pulsed regime. However, 

the Nd-spectroscopy in aluminosilicate is particularly unfavorable with regard to the 

relation between the 930 nm and 1060 nm gain, as mentioned before [9]. Therefore, 

distributed filters have been used to suppress stimulated emission at ~ 1060 nm and thus 

enable operation at ~ 930 nm. Previously, a W-type fiber that exhibits a non-zero 

fundamental mode (LP01) cut-off have been used for this [37]. With proper design, the W-

type fiber can have a cut-off for the fundamental mode between the two neodymium 

emission bands, so that the fiber does not guide at 1060 nm. By contrast, a conventional 

step-index fiber in theory guides the fundamental mode for all wavelengths. Recently, 

several watts of output power at ~ 930 nm was reported from a single-mode Nd-doped 

aluminosilicate W-type fiber [8, 46], but that was in the continuous-wave regime or with 

pulses of relatively low pulse energy (up to ~ 10 µJ). A reason for this is that W-type fibers 
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are difficult to scale to large core areas. A large core allows more energy to be stored in the 

fiber. Moreover, with cladding-pumping, since the pump absorption length is proportional 

to the inner cladding / core area ratio (if the fiber is doped throughout the core), it allows 

also the inner cladding size to be increased whilst maintaining an adequate pump 

absorption. Thus higher pump powers in larger-diameter pump beams can be used. A 

larger core also counteracts the nonlinear interaction as well as optical damage. However, 

in order to maintain the cut-off wavelength between 930 and 1060 nm as the core size is 

increased, the numerical aperture (NA) must be reduced. Unfortunately, this makes the cut-

off less distinct, and the difference between propagation loss between the two emission 

bands decreases. As a result, the gain that can be achieved at 930 nm decreases. An 

additional limitation is that guidance becomes poor at too low NAs. It is therefore of 

considerable interest to find alternative fiber designs, which allow for a larger core size 

than the conventional W-type fiber does, with a maintained cut-off behavior. One solution 

is to use a DCHOF presented in this thesis. In this section, a Nd:Al-doped DCHOF 

structure is used to demonstrate a Q-switched 930 nm NDFL. 

 

4-3-2. Experimental investigation of the Q-switched Nd:Al-doped 

DCHOF laser at 930 nm 

 

For generating 930 nm lasing in the NDFL, Both W-type fiber and DCHOF are 

used as mentioned before. In the previous section, the cw Nd:Al-doped DCHOF laser 

operating at 930 nm was experimentally demonstrated. In order to investigate the core-

scalability and hence the better extractable energy from a Nd:Al-doped DCHOF a 

theoretical comparison between W-type fibers and DCHOF is again studied in detail in the 

following section.  
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Figure 4-21 shows the result of numerical calculations of the effective index and 

bending loss of the fundamental mode for different DCHOF and W-type fibers. Although 

the fiber parameters are different, they all have a cut-off wavelength of ~ 1060 nm, which 

is suitable for 930 nm NDFLs. Here, the DCHOF structure is the same as that used in the 

previous section.  

 

 

 

(a) 

0.90 0.95 1.00 1.05 1.10
1.4500

1.4502

1.4504

1.4506

1.4508

1.4510

1.4512

0.90 0.95 1.00 1.05 1.10
1.4500

1.4502

1.4504

1.4506

1.4508

1.4510

1.4512

0.90 0.95 1.00 1.05 1.10
1.4500

1.4502

1.4504

1.4506

1.4508

1.4510

1.4512

0.90 0.95 1.00 1.05 1.10
1.4500

1.4502

1.4504

1.4506

1.4508

1.4510

1.4512

  DCHOF (∆n = 0.0037), Acore : 82 µm2

Wavelength (µm)

 W-type (∆n = 0.0037), Acore : 17 µm2

  W-type (∆n = 0.0007), Acore : 153 µm2 

E
ffe

ct
iv

e 
in

de
x 

(a
.u

.)

 DCHOF (∆n = 0.0015), Acore : 209 µm2

0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00
0

5

10

15

20

25

30

35

40

45

50

0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00
0

5

10

15

20

25

30

35

40

45

50

0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00
0

5

10

15

20

25

30

35

40

45

50

Wavelength (µm)

DCHOF(∆n = 0.0038)
Acore : 82 µm2

B
en

di
ng

 lo
ss

 (
dB

/m
)

W-type (∆n= 0.0038)
Acore : 17 µm2 

W-type (∆n=0.0015)

Acore : 61 µm2

(b) 

Figure 4-21. (a) Theoretical effective index vs. wavelength for different DCHOFs and 
W-type fibers. Acore: core area, ∆n: refractive index difference between core and 
silica cladding; (b) Theoretical bending loss of DCHOF and W-type fiber at 5 cm 
bending radius. 
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As shown in figure 4-21 (a), larger-area cores have a weaker dependence of the 

effective index on the wavelength, i.e., a less distinct cut-off. This compromises the ability 

to scale up the core area whilst maintaining adequate wavelength filtering. Furthermore, 

the DCHOF shows a stronger dependence than the W-type fiber does.  

The sharper cut-off of the DCHOF can be traded for a larger core, making it 

possible to increase the doped area significantly whilst maintaining adequate suppression 

of the 1060 nm emission. For the same refractive index of the core, the core area in a 

DCHOF is found to be ~ 5 times larger than for a W-type fiber maintaining the same 

fundamental mode cut-off characteristics as shown in figure 4-21 (a). Therefore, 

intrinsically, the DCHOF can have ~ 5 times larger energy storage than W-type fiber 

because the stored energy is proportional to the core area if all other factors remain 

identical. Obviously, by reducing the core NA, the core area of the W-type fiber can also 

be increased. However, as shown in Figure 4-21 (b), the low NA W-type fiber (dashed 

line) shows much higher bending loss at 930 nm and the sharpness of the fundamental 

mode cut-off is considerably degraded. The degradation of the sharpness remains also at 

larger bend radii with more appropriate, but still inadequate, loss spectra. Furthermore, the 

core area is still less than the DCHOF with the higher NA. The DCHOF is therefore 

promising for fiber lasers that require a short-pass filter and a large core such as cladding-

pumped high energy NDFLs at 930 nm.  

Figure 4-22 shows the laser setup used for the Q-switching experiment. A 13 m 

long Nd-doped DCHOF was end-pumped by a beam-shaped 808 nm laser diode bar, via a 

combination of collimating lenses and dichroic mirrors. Up to 8.5 W (60%) of the pump 

light was launched into the fiber. Of this, 5.1 W was absorbed in a single pass. Both ends 

of the fiber were collapsed to convert the ring-shaped mode of the DCHOF to a nearly 

Gaussian-shaped mode in the fiber ends. According to our calculations, the DCHOF will 
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support only the fundamental mode at 930 nm and this was demonstrated in the earlier 

section by obtaining 1.04 of M2 value . This facilitates low-loss adiabatic conversion from 

the ring-mode to a nearly diffraction-limited Gaussian mode. In the pump launch end, the 

fiber was perpendicularly cleaved to provide 4% Fresnel feedback for the laser cavity. At 

the other end, a lens-coupled free-space diffraction grating in a Littrow configuration 

closed the laser cavity, while that fiber end was angle-cleaved to suppress broadband 

feedback. The first-order diffraction-efficiency of the grating was 60%. The laser cavity 

was switched by ‘on-off’ of an acousto-optic modulator (AOM) between the fiber and the 

diffraction grating. The transmission of the AOM was ~70% in its deflecting “on” state. 

The laser output was taken from the pump launch end of the fiber. The fiber was coiled 

with a radius of 20 cm. 

 

 

 

The output pulse energy was measured with an energy meter and the pulse shapes 

was measured with a 1 GHz bandwidth detector and a 500 MHz oscilloscope. At low 

repetition rates (< 5 kHz), the energy meter was used to determine the average output 

Figure 4-22. Experimental set-up of the Q-switched Nd:Al doped 
DCHOF laser. HR: High reflectivity; HT: High transmission; AOM: 
Acoustic optic modulator.  
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power (in the pulses). This average power does not include the relatively high power 

amplified spontaneous emission (ASE) present in this regime. At higher repetition rates, 

where the ASE was negligible, the average output power was measured with a thermal 

power meter. 

 

 

 

Figure 4-23 (a) shows the pulse energy and average power at different repetition 

rates. The maximum pulse energy, 133 µJ, was reached at a 5 kHz repetition rate at a 

wavelength of 927 nm. The average power was 647 mW. The second moment of the pulse 

Figure 4-23. The characteristics of Actively Q-switched, clad pumped 
Nd-DCHOF laser. (a) Pulse energy and average power, (b) Peak power 
and pulse width depending on repetition rates, (c) pulse spectrum at 
maximum pulse energy. 
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shapes were calculated and used for determining the pulse width. At the maximum pulse 

energy, the pulse width was 172 ns in figure 4-23 (c). This corresponds to more than 750 

W of peak power. The width increased to 350 ns at a repetition rate of over 20 kHz. 

For comparison, the W-type fiber used for the 0.9 µm NDFL, reported in reference 

[8], was also tried in our Q-switched configuration. This fiber has a similar fundamental 

mode cut-off wavelength and Nd3+ ion concentration as the DCHOF reported here. The 

maximum pulse energy was ~ 30 µJ, i.e., smaller by ~ 4.5 times than the energy obtained 

with the DCHOF. This matched well with our expectation, and was due to the difference in 

the core area between the DCHOF and the W-type fiber.  

The output of the DCHOF was tunable from 919 to 935 nm, as shown in figure 4-

24. We obtained more than 100 µJ of pulse energy over a broad wavelength range of 921 – 

931 nm. We measured the M2 value to be 1.08, which is in agreement with our modeling.  

 

Figure 4-24. Q-switched laser tuning characteristics of 927nm 
Nd/Al-doped DCHOF at 133µJ pulse energy 
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The use of a DCHOF as a way of overcoming the limitations in core area of W-type 

fibers was investigated in this section. Both the DCHOF and the W-type fiber have a cut-

off for the fundamental mode, which make them attractive for 0.9 µm NDFLs and other 

fiber lasers that require the suppression of unwanted long-wavelength emission. It is found 

that a DCHOF can obtain similar cut-off characteristics with a core area that is ~ 5 times 

larger than that of a W-type fiber. This is important, as a large core is the most important 

design feature of high-power cladding-pumped fiber lasers, and is particularly important in 

the pulsed regime. Experimentally, for the first time, an actively Q-switched cladding 

pumped Nd:Al-doped DCHOF laser operating at 920 – 930 nm was demonstrated. The 

laser generated single mode output with 133 µJ pulse energy at 5 kHz repetition rate. The 

pulse width was 172 ns and the average power was 647 mW, which corresponds to a peak 

power of 750 W. This initial result opens up possibilities for high power blue source 

generation by frequency doubling of a simple Nd-doped fiber laser. 

 

4-3-3. Frequency doubling of the Q-switched Nd:Al-doped DCHOF laser 

source at 930 nm 

 

A Q-switched Nd:Al-doped fiber laser operating at 930 nm provided high pulse 

energy and peak power. It can allow relatively high conversion efficiency in frequency 

doubling. Figure 4-25 shows the setup for the frequency doubling of the Q-switched 

Nd:Al-doped DCHOF laser at 930 nm. The fiber was perpendicularly cleaved in the launch 

end to provide 4% Fresnel feedback for the laser cavity. At the other end, instead of a free-

space diffraction grating, a high reflectivity mirror (100% @ 930 nm) was used in a 

Littrow configuration and closed the laser cavity, while the fiber end was angle-cleaved to 

suppress broadband feedback. Single-pass pump was only absorbed in the fiber. The pump 
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absorption was 0.48 dB/m at 808 nm. The laser cavity was switched by an acousto-optic 

modulator (AOM) between the fiber and the 100% high reflectivity mirror. The 

transmission of the AOM was ~70% in its deflecting “on” state. The laser output was taken 

from the pump launch end of the fiber. Here, in order to reduce a pulse broadening by the 

fiber dispersion, the relatively short fiber length (8 m) was used contrary to the previous 

experiment when 13 m long fiber was used. The fiber was coiled with 20 cm of bending 

radius. Based on earlier results, the repetition rate was fixed at 5 kHz, where the maximum 

pulse energy and peak power have been obtained.  

 

 

As shown in figure 4-26, the maximum average output power was 902 mW at a 5 

kHz repetition rate at a wavelength 927 nm and pulse energy was 176 µJ, where the pulse 

width was 140 nsec. The corresponding peak power was 1.3 kW. This output characteristic 

was improved in comparison with the earlier results because the total cavity loss was 

reduced by using the 100% reflection mirror and a short length fiber. Moreover, the angle-

cleaved state of the fiber end could be further improved and thus one could launch more 

Figure 4-25. Experimental set-up of the Q-switched Nd:Al doped 
DCHOF laser for frequency doubling. HR: High reflectivity;  HT: High 
transmission; AOM: Acoustic optic modulator.  
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pump power without any spurious lasing. The output beam was transmitted through a half 

wave-plate, which is used to adjust the polarization of the beam. The output beam was 

focused to an optimum e-2 intensity of radius of ~10 µm into the nonlinear crystal (e.g. 

BiB3O6 (bismuth borate)), which is estimated. In fact, the beam radius in the nonlinear 

crystal was optimized by the maximum power of the blue by tuning the focal point of lens. 

 

Here, BiB3O6 crystal was used for the frequency doubling of the output beam at 

927 nm from the Q-switched Nd:Al-doped DCHOF laser. Both ends of it were anti-

refection (AR)-coated. The crystal was 20 mm long with a cross-section of 3 mm × 3 mm. 

The crystal operated at room temperature (~27 °C).  

The blue power and wavelength of this frequency doubling process is shown in 

figure 4-27. The maximum blue average power was 50 mW at 463.5 nm. In order to assess 

the efficiency of the crystal, the actual incident power should be considered. In fact, the 

Figure 4-26. Laser output characteristics in Q-switched Nd:Al-
doped DCHOF operating at 927 nm. Repetition rate : 5 kHz. 
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infrared output beam at 927 nm from the fiber is mixed-polarized. If considering just two 

perpendicularly linearly polarized beam, the actual incident power is half of the maximum 

output power and it thus becomes ~ 450 mW. Using this value, the conversion efficiency is 

is estimated as 10.8%. However, in this experiment, the polarization-state of the infrared 

output beam from DCHOF has not be looked into. Therefore, this conversion efficiency at 

463.5 nm will not be accurate. In spite of this, it provided a relatively high efficient blue 

light via simple frequency doubling process due to the high peak power of the laser output 

at 927 nm. The study on DCHOF for the polarization-maintaining fiber is another issue 

and it will be considered for one of future works.  

 

 

4-4. Summary 

 In this chapter, the DCHOF, which is suitable for three-level fiber lasers is 

proposed and its modal characteristics was investigated theoretically. Comparing it with  

the other fiber waveguide filters such as step HOF and W-type fiber, the DCHOF shows 

the better performance in terms of the sharpness of the fundamental mode cut-off and the 

Figure 4-27. 463.5 nm blue light output characteristic and spectrum (OSA 
resolution : 2 nm). The maximum blue power was 49 mW. 
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scalability of the core area, which were demonstrated experimentally using the Nd:Al-

doped DCHOF.  

In the cw experiment, the laser output at 929nm in the Nd:Al-doped DCHOF was 

realized easily using 4%-4% Fresnel reflection cavity without any other treatments such as 

signal feedback or cooling. This means that the suppression of 1060nm emission by the 

fundamental mode cut-off was efficient. The slope efficiency was 41% with respect to the 

launched pump power and maximum output power was 3.3 W at 929 nm. Tuning range 

was from 917 nm to 936 nm and the output was a diffraction-limited beam (single mode) 

with 1.05 of M2 value at 929nm. 

Furthermore, the DCHOF was demonstrated as a way of overcoming the limitations 

in core area of W-type fibers and used to demonstrate the Q-switched Nd:Al-doped 

DCHOF operating at 927 nm. The laser generated single mode output (M2 value : 1.09) 

with 133 µJ pulse energy at 5 kHz repetition rate. The pulse width was 172 ns and the 

average power was 647 mW, which corresponds to a peak power of 750 W. From the later 

experiment for the frequency doubling, the maximum average output power of the Q-

switched laser source was increased to 902 mW at a 5 kHz repetition rate at a wavelength 

of 927 nm. The pulse energy was 176 µJ and the pulse width was 140 nsec. The peak 

power was increased to1.3 kW. This source was frequency-doubled to the generate the 

blue light at 463.5 nm. The maximum blue output power was 50 mW, and the conversion 

efficiency of bismuth borate (BiB3O6) crystal, used for the frequency doubling, was 

~10.8%.  

The DCHOF is promising for the suppression of the undesired emissions by the 

fundamental mode cut-off. In addition, the core area scalability in DCHOF over W-type 

fiber would allow the generation of the high energy pulsed laser source at the three (or 

quasi-three) level emission band.  
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Chapter 5. Yb:Al - doped depressed clad 

hollow optical fiber 

 
In the previous chapter 4, the modal characteristics and the bending loss properties 

of the DCHOF were reviewed. The DCHOF shows better performance in terms of the 

sharpness of the fundamental mode cut-off and the scalability of the core area, whilst 

maintaining the cut-off wavelength of the fundamental mode at the correct location in 

order to suppress the unwanted emissions. Through the characterization of the Nd:Al-

doped DCHOF lasers, operating at 930 nm, in cw and in a pulsed system, the high 

efficiency and high extractable energy of the DCHOF was experimentally demonstrated.  

Yb:Al-doped DCHOFs will be investigated in this chapter. The Yb-doped fiber has 

a broad absorption band (860 nm – 1060 nm), which leads to a wide range of pumping 

wavelengths and its broad emission band (960 nm - 1100 nm) allows the realization of 

laser sources operating at various wavelengths. However, while the high power and high 

efficiency of the cladding-pumped YDFL at the longer wavelength side of the emission 

band (~1.1 µm) has been already demonstrated, laser operation at the shorter wavelengths 

has not so far been widely reported. This is due to the relatively low pump absorption in 

the cladding-pumped configuration. In order to operate efficiently at the shorter 

wavelength in the Yb-doped fiber, a large pump absorption is required as well as the 

suppression of the longer wavelength emission (1030 -1080 nm) is important. The use of 

the DCHOF for the realization of the Yb-doped fiber laser operating at the shorter 

wavelength is considered here.  

Firstly, the generation of the YDFL at 980 nm will be investigated, which is very 

challenging due to the very large GSA at 980 nm and the high gain at 1030 nm and 1060 
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nm. According to the previous results, the DCHOF allows the sharp filtering characteristic, 

which helps the effective suppression of the high gain at 1030 nm and 1060 nm by means 

of the fundamental mode cut-off. The relatively large core leads to a large enough pump 

absorption that is required to overcome the GSA at 980 nm.   

Secondly, the other issue is the possibility of the power-scaling at the shorter 

wavelengths. In practice, it is not easy to scale up the output power at the shorter 

wavelength (1030 nm - 1060 nm) due to the competing emissions at ~1100 nm with low 

GSA. However, the laser at the shorter wavelength can be practically required in many 

applications. Furthermore, the laser operating at the shorter wavelength has a relatively low 

quantum defect, which theoretically allows the higher conversion efficiency. This can 

reduce any other detrimental effects due to the low quantum defect, such as thermal 

problems in the kW power level.  

 

5-1. Yb:Al - doped depressed clad hollow optical fiber 

laser operating at 980 nm 
 

High-power, single-mode 980 nm sources are required in many applications, such 

as for pump sources for erbium-doped fiber amplifiers and lasers [52] or for blue light 

generation by frequency doubling [53, 54]. Commercially available, single-mode, 980 nm 

laser diodes are not only limited by their output powers but they are expensive too. As an 

alternative, high power cladding-pumped Yb-doped fiber sources operating at 980 nm have 

been demonstrated using a jacketed air clad (JAC) structure [55]. However, the JAC 

structure requires a small inner-cladding (~30 µm) and short fiber length (e.g., ~40 cm in 

[55]). This is to suppress the Yb-emission at around 1030 nm along the fiber and at the 

same time to achieve a high level of Yb inversion (over 50%) in order to obtain gain in the 
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980 nm transition because both the emission and absorption cross-sections are comparable 

at this wavelength. Thus, power-scaling using a JAC structure requires the use of an 

expensive, high-power and high-brightness multimode pump source. An alternative 

approach for achieving a high power 980 nm YDFL would be to design the waveguide 

structure such that it acts as a distributed filter along the fiber optimised to suppress the 

1030 nm ASE. The solution described here is to use a DCHOF.  

In this section, the DCHOF structure for generating laser output at 980 nm in YDF 

will be investigated. The non-zero fundamental mode cut-off characteristic in such a 

waveguide structure was used here to suppress the undesired 1030 – 1090 nm Yb ASE 

along the fiber. While DCHOF has been used for a cladding-pumped Nd-doped fiber laser 

operating at 930 nm, as shown in the previous chapter 4, in which competing 1060 nm 

emission needs to be suppressed, the much smaller wavelength spacing between the 

desired laser emission (980 nm) and the competing emission (1030 nm-1100 nm) makes 

this much more difficult in case of the 980 nm YDFL. Therefore, in this section, the modal 

characteristics of the DCHOF will be more carefully analyzed to determine the fiber 

parameters suitable for 980 nm laser operation.   

 

5-1-1. Requirements for the Yb:Al-doped fiber laser at 980 nm 

In order to realize an YDFL operating at 980 nm, the competing stimulated 

emissions at the longer wavelength (1030 nm-1060 nm) in Yb-doped fiber (YDF) should 

be suppressed. In order to design the fiber properly, it is important to estimate the gain at 

the competing wavelengths, especially at 1030 nm, because the gain peaks there and it is 

close to 980 nm as well. The gain calculation at 1030 nm in YDF was well-described in the 

reference [15]. From the reference [15], the undesired gain at 1030 nm, in logarithmic units, 

is given by  
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pGG ηα72.025.0 9801030 +≈                                             (5-1) 

where 1030G  and 980G  are the gain at 1030 nm and 980 nm respectively. coclad AA /=η , 

which is the cladding to core area ratio and pα  is the operating pump absorption in dB. It 

is here assumed that each pump mode sees the same absorption, given by the core 

absorption and divided by the area ratio. Although each cladding mode experiences a 

different characteristic absorption, a practical, well-designed cladding-pumped fiber should 

exhibit uniform absorption along its length owing to a combination of mode scrambling 

techniques and special geometric fiber designs. The constants at the right side in the 

equation (5-1) can be varied depending on the emission and absorption cross-sections at 

each wavelength, and can be considered typical for Yb-doped fibers at these wavelengths. 

For these constants in equation (5-1), the absorption and emission cross sections were 

25.7×10-25 and 25.8×10-25 m-2 at 980 nm respectively. They were 8.25×10-25 m2 and 

0.25×10-25 m2 at 915 nm, and, at 1030 nm, 0.45×10-25 m2 and 6.25×10-25 m2 respectively, 

as shown in the reference [15]. If the laser oscillator with a 100% reflectivity at 980 nm at 

one end and a 4% reflectivity at the other end is considered, the total round-trip cavity 

losses for 980 nm are ~14dB, therefore, the laser operating gain ( 980G ) is ~7dB, where the 

background loss of the fiber is neglected for simplicity. For example, consider the fiber 

with 120 µm cladding diameter (the cladding area : 11300 µm2).  The ratio η  is varied 

depending on the core area. If 300 µm2 core area is considered, η  = 37.6. Then, the gain at 

1030 nm is ( pα2.2775.1 + )dB, where the contribution of 980 nm gain (0.25×7=1.75 dB) 

is relatively low. Otherwise, approximately, every decibel of the pump absorption 

contributes 27.2 dB gain at 1030 nm in this case. In practice, this would restrict the 

operating pump absorption to 1 – 2 dB, which is insufficient for efficient operation. By 

contrast, the contribution of the 980 nm gain (the first term in equation 5-1) is unimportant. 
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Figure 5-1 shows the required suppression to achieve 0 dB net gain at 1030 nm depending 

on the core area for an inner cladding area of 11300 µm2.  The 980 nm gain is assumed to 

be 1.2 dB/m, or 7 dB in a 6 m long fiber. From this, the large core is preferred (or the 

cladding size should be significantly reduced). However, the large core eventually leads to 

the multimode output beam quality and the small inner cladding requires a pump source 

with the high beam quality, which is very expensive. Although up to ~ 40 dB of gain at 

1030 nm can be accepted, it is still clear that for acceptable single-mode core areas of up to, 

say, 300 µm2, the 1030 nm gain would have to be suppressed along the fiber. It is 

emphasized that these values depend strongly on the spectroscopic cross-sections, and that 

these may be different in fibers of different composition than what assumed in reference 

[15]. 
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Figure 5-1. Required distributed filtering for complete suppression of the 
gain at 1030 nm as a function of the core area at several operating pump 
absroptions. Cladding area : 11300 µm2 (120 mm diameter) and fiber 
length 6 m 
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In addition, the required distributed loss at 1030 nm is increased with increasing the 

pump absorption. In figure 5-1, if the fiber length is 6 m and 4 dB absorption is presented 

there, the ~17 dB/m filtering loss at 1030 nm is required at a 300 µm2 core area.  The 

required filtering loss can be reduced by increasing the fiber length and the core area. 

However, the short fiber length is preferred to achieve the high level of Yb-ion excitation 

through the whole fiber length. For this, it is essential to increase the core area, whilst 

maintaining the fundamental mode cut-off at the correct wavelength  

In order to fix the fiber length to 6 m, as in figure 5-1, the Yb-concentration of the 

fiber has to be changed to obtain the different core absorptions. As already noted, the Yb-

excitation level will be close to 50% in a 980 nm YDFL, and the operating pump 

absorption per unit length will be slightly less than half of the un-pumped (low-power) 

absorption, with all the ions in the ground state, and measured, e.g., with a low pump 

power. Thus, an operating absorption of 8 dB in a 6 m long fiber implies that the un-

pumped pump absorption should be ~2.7 dB/m. This also fixes the Yb-concentration of the 

fiber. The fiber which is fabricated and used in the experiments had a Yb-concentration of 

1500 ppm by weight, which is 40% higher. 

Given a specific Yb-concentration and cross-section data, it is also straightforward 

to calculate the unwanted gain at 1030 nm at 50% Yb-excitation. For example, at a Yb 

concentration of 3000 ppm by weight, it becomes 34 dB/m, using the cross-sections of ref. 

[15]. It follows that points in figure 5-1 with the same required distributed filtering 

correspond to fiber designs with similar Yb concentrations, with slight differences 

resulting from slight differences in the Yb-excitation. The tolerable loss at 980 nm can be 

also assessed. In order to keep the efficiency close to the theoretical maximum, the loss 

should be less than 1 dB, or so less than 0.2 dB/m in a 5 – 6 m long fiber. 
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If the Yb-concentration is reduced with a fixed area ratio, the required 1030 nm 

filtering loss per unit length becomes lower. To obtain a given operating pump absorption, 

it is then necessary to use a longer fiber.  The total 1030 nm filtering loss will be same, As 

the total tolerable loss at 980 nm also stays the same, the acceptable loss per unit length is 

becomes smaller. If on the other hand, the area ratio is reduced with a fixed Yb-

concentration, the pump absorption increases so that a shorter fiber can be used and a 

higher loss at 980 nm can be tolerated. This relaxes the differences in loss between 980 nm 

and 1030 nm that a filter must provide, i.e., it relaxes the requirements on the filter 

sharpness. Thus, different Yb-concentrations, area-ratios, and operating pump absorptions 

lead to different requirements on the 1030 nm suppression and the tolerable 980 nm loss, 

as it comes to total values (over the whole fiber) as well as per unit length. It also affects 

the relation between the acceptable 980 nm fiber loss and required 1030 nm loss, i.e., the 

filter sharpness. Key is to find a fiber design that satisfy the filter requirements in a fiber 

with a sufficiently large inner cladding for scaling to high powers and a pump absorption 

sufficiently large for a high efficiency. Both the fiber requirements and the filter 

characteristics depend on the fiber design.  

Next, the threshold at 980 nm should be considered for efficient operation. A 980 

nm YDFL requires that ~50% of the ions are excited to reach gain. In order to obtain the 

threshold in terms of absorbed pump power, it is necessary to define the small signal 

absorption ( s
ssα ) and the saturated signal power (s

satP ) [78].  

p
a

s
ss LN σα 0=                                                     (5-2) 

)( s
e

s
a

coress
sat

Ahv
P

σστ +
=                                                 (5-3) 

where, 0N  is the total Yb ion concentration, L  is the fiber length, and p
aσ is the absorption 

cross-section at pump wavelength. shν  is the signal photon energy and coreA  is the core 
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area. In practical, it is supposed to be effective area, but here, it is assumed that the 

effective area is closed to the core area. τ  = 0.76 ms is the fluorescence lifetime. s
eσ  and 

s
aσ  are the emission and absorption cross-sections at the signal wavelength.  

In the cladding-pump configuration, total Yb ion concentration in the whole fiber 

length is defined as  

p
a

p
ss

core

clad

A

A
LN

σ
α

=0                                                    (5-4)  

where p
ssα  is the pump absorption in nepers with all the Yb-ions in the ground state. cladA  

is the inner-cladding area (11300 µm2).  The threshold in terms of the absorbed pump 

power is defined as [78]  

s

ps
sat

s
ss

th
abs v

v
PP α=                                                  (5-5) 

where, pν  and sν  are pump and signal frequency respectively. Substituting equations (5-

2)-(5-4) into equation (5-5), The threshold in terms of the absorbed pump power is given 

by 
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)/178.0(

)(
2=

+
=                   (5-2) 

  

If p
ssα  = 3.8 Np or 16.5 dB, the operating pump absorption becomes 8 dB, which is 

a reasonable value. Thus, with an inner-cladding area cladA  of 11300 µm2, th
absP  becomes 

7.65 W. This is actually the absorbed pump power required to bleach the 980 nm 

absorption, whereas a marginally higher pump power will be needed to create the gain 

needed for lasing. Furthermore, a pump absorption of 8 dB implies a pump leakage of 16%. 

Even with these minor adjustments, the laser threshold would be less than 10 W of 
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launched pump power. This is reasonable, given that 915 nm diode pump sources with 30 

– 40 W of power from a 0.22 NA, 100 µm core diameter, fiber pigtail are currently 

commercially available. Thus, even with an inner cladding diameter of 120 µm, the 

threshold of a 980 nm YDFL is not prohibitively large. The challenge is rather to 

implement a filter that provides a high loss at 1030 nm without inducing excessive loss at 

980 nm. 

 It is worth pointing out that the very low saturation power of 980 nm YDFLs makes 

it very easy to overcome (excess) losses at 980 nm, e.g. from bending, or any other cavity 

losses. It only takes 3.8 mW of absorbed pump power to increase the gain by 1 dB with a 

core area of 300 µm2. This is much smaller than the laser threshold. It is also possible to 

create gain for cladding modes. The gain slope becomes 6.9 dB/W on average with an 

inner-cladding area of 11300 µm2, but it will be significantly higher for cladding modes 

with high overlap with the core. 

 

5-1-2. Yb:Al-doped DCHOF design consideration for the laser operating 

at 980 nm 

The DCHOF with the fundamental mode cut-off wavelength at ~1060 nm is first 

considered. The DCHOF, which consists of a ~ 5.4 µm Yb-doped alumino-silicate ring 

core (∆nco ~ 0.0016, with respect to silica cladding) around an air hole of 10 µm diameter, 

and a depressed ring of ∆ndip ~ -0.0020 in the inner cladding of thickness 11 µm, as shown 

in figure 5-2 (a). Using these fiber parameters, the effective index in the core was obtained 

by numerically solving the characteristic equation 4-3, as in chapter 4. Figure 5-2 (b) 

shows the effective indices of two lowest-order modes (LP01 and LP11). The fundamental 

(LP01) mode cut-off wavelength was set at around 1060 nm, when the effective index 

became equal to the silica cladding index (1.45). Moreover, such a fiber would be single-
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moded at 980 nm. The field distributions of LP01 mode both at 980 nm and 1060 nm, and 

for LP11 mode at 980 nm, are shown in figure 5-3. It is clear that no other mode except 

LP01 will be guided in the core at 980nm and that this mode remains guided up to 

wavelengths shorter than 1060 nm, which is basically the LP01 mode cut-off, and beyond 

that light will escape out of the core.  
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Figure 5-2. (a):  Schematic refractive index structure of the depressed clad 
hollow optical fiber (b). The effective index changes as a function of the 
wavelength. 
 

Figure 5-3. Modam field distributions in the designed DCHOF ; Fiber parameters : 
hole diameter : 10 µm, Core thickness : 5.4 µm, the width of depressed clad : 11 
µm, and cladding diameter : 120 µm. 
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However, in such a design, the bending loss at 980 nm was not considered. The 

bending loss induced by the fundamental mode cut-off might cause a significant reduction 

of the gain at 980 nm, because the wavelength spacing between 980 nm and 1060 nm is too 

narrow and thus the effective index at 980 nm is significantly low. This was verified 

through the bending loss calculation. As shown in figure 5-4, the bending loss at 980 nm in 

this fiber is ~ 11 dB/m, which is significantly high even though the bending radius is as 

large as 30 cm.  It is practically impossible to strictly straighten the fiber in the fiber 

system although the induced loss by bending can be removed in this way. In order to avoid 

the high loss at 980 nm, the very sharp filtering between two emissions will be required. 

Moreover, the suppression of the stimulated emission at 1030 nm should be considered 

because 1030 nm has a very high gain at the large pump absorption, which causes the 

significant degradation of the efficiency at 980 nm, as shown in the previous section 5-1-1. 

This makes it much more difficult to generate the efficient YDFL operating at 980 nm.  

 

Figure 5-4. Theoretical bending loss as a function of the wavelength, of the 
designed fibr when fiber was coiled with a bending radius of 10 cm, 20 cm, and 30 
cm. 
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For lasing at 980 nm in Yb-doped DCHOF, the gain at both 1030 nm and 1060 nm 

should be suppressed until the gain at 980 nm overcomes the total loss of the laser cavity. 

Therefore, it is essential to maintain a low loss at 980 nm, while increase the loss at 

undesired emissions at the longer wavelength. Ideally, in order to filtering out emissions 

from 1030 nm to 1100 nm, it is the best to set the fundamental mode cut-off wavelength 

between 980 nm and 1030 nm. However, although the fundamental mode cut-off was set at 

1060 nm, the bending loss at 980 nm was significant as shown in figure 5-4. In order to 

solve this problem, an alternative approach can be made. It is that, initially, the 

fundamental mode cut-off is set at the slightly longer wavelength and then the bending loss 

at such wavelengths is controlled by adjusting the coiling radius of the fiber. In practice, 

the cut-off wavelength is effectively shifted to shorter wavelengths as the bending radius 

decreases. In this section, the DCHOF with the fundamental mode cut-off at 1150 nm is 

considered. For this, the key issue for the Yb-doped DCHOF operating at 980 nm is how 

sharply the bending loss is increased between 980 nm and 1030 nm.  

There are five parameters which affects the cut-off wavelength, so there are four 

independent variables when the cut-off wavelength is fixed to 1150 nm. For simplicity, the 

whole parameters will not be considered here, but only use the numerical aperture of the 

core,   22
cladcoco nnNA −=  as a single independent variable. The hole radius is fixed to 5 µm 

and the numerical aperture of the depression 22
dipcladdip nnNA −=  is fixed to 0.08. This hole 

size and index depression allows for reliable fabrication and handling of DCHOFs. The 

thickness of the ring-core was adjusted to yield a cut-off wavelength of ~ 1150 nm. The 

thickness of the depressed clad was set to twice the thickness of the ring. Table 5-1 

presents the fiber parameters and the LP01 mode cut-off wavelength of specific fiber 

designs of different core-NAs. The fabrication tolerance of the core thickness and the 

depressed clad is 2%, which cause a deviation of ±30 nm at the fundamental mode cut-off 
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wavelength depending on the core structure. Here, the variation of the hole size is not 

considered. However, it can be varied when the fiber is drawn depending on several 

parameters such as drawing temperature and the hole size at the preform stage. As even 

relatively small variations in core thickness give rise to large variations of the fundamental 

mode cut-off wavelength, it is important to control accurately the fiber diameter in the 

fiber drawing process. The fiber diameter can also affect the bending loss, here a fiber 

diameter of 120 µm is considered. 

Table 5-1. Fiber parameters of selected fiber designs for YDFL at 980 nm 

No. Core Depressed clad 

 
Thickness 
(rco – rair) 

[µm] 
NA 

Thickness 
(rdip – rco) 

[µm] 
NA 

Hole 
radius 
[µm] 

 
Core area 

(µm2) 
 

LP01 mode 
cut-off  

wavelength 
nm] 

S1 9.10 (±0.18) 0.05 18.2 (±0.36) 0.08 5 546 1150 (± 30) 

S2 7.30 (± 0.15) 0.06 14.6 (±0.29) 0.08 5 396 1150 (± 30) 

S3 6.05 (± 0.12) 0.07 11.1 (±0.23) 0.08 5 305 1150 (± 30) 

S4 5.15. (± 0.10) 0.08 10.3 (±0.20) 0.08 5 245 1150 (± 30) 

S5 4.45 (± 0.09) 0.09 8.9 (±0.17) 0.08 5 202 1150 (± 30) 

 

In all these fibers, the LP01 mode at 1150 nm has completely escaped from the core. 

However, the unwanted light from 1030 nm to 1100 nm is still guided by the core. For 

filtering these wavelengths, the fundamental mode cut-off needs to be effectively shifted 

by bending the fiber. As already stated, the bending loss characteristics will, to a large 

degree, decide the filter characteristics. The bending loss can be large also at wavelengths 

for which the LP01-mode is guided, and it is required that the bending loss varies 

sufficiently quickly with wavelength for efficient 980 nm laser operation. Figure 5-5 shows 

the macroscopic bending loss as function of wavelength at different fiber parameters as 

presented in Table 5-1, where the fiber was coiled with bending radii of 20 cm (solid 

curves) and 7 cm (dashed curves). Even though the theoretical cut-off wavelength is 1150 
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nm, the effective cut-off is shifted to shorter wavelengths. Smaller bending radii and lower 

core NAs result in shorter effective cut-off wavelengths. At 20 cm bending radius, a fiber 

with 0.05 or 0.06 core-NA, or somewhere in between, may provide appropriate effective 

cut-off wavelength according to these theoretical calculations. At 7 cm bending radius, the 

0.09 core-NA fiber appears more suitable. The other fibers would provide appropriate 

effective cut-off wavelengths at intermediate bend radii. However it is also important that 

the fiber sharpness is sufficient. Figure 5-5 shows that the higher-NA fibers result in 

sharper cut-offs. On the other hand, higher-NA fibers have smaller cores, which according 

to figure 5-1 escalates the filter requirements. 

 

Given these counteracting effects of a change in the core NA, it is necessary to 

analyze, and compare, the effects of the NA on filter requirements and filter sharpness in 

more detail in order to arrive at the optimum value. Figure 5-6 plots the required filtering 

loss at 1030 nm for a 0 dB net gain together with the bending loss at the two key 
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Figure 5-5. Bending loss as the function of the wavelength for different NAco fibers 
at 7 cm and 20 cm bending radius according to Table 5-1.  
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wavelengths, 980 nm and 1030 nm, vs. core NA. The other core parameters were varied as 

well, when the core NA changed, as presented in Table 5-1. The bending loss curves are 

plotted for a bending radius of 7 cm. For laser operation at 980 nm, the 1030 nm bending 

loss should be higher than the required 1030 nm filtering loss. This is the case for low NAs. 

However, if the NA is lower than necessary, then the 980 nm bending loss becomes higher 

than necessary. Therefore, the intersections between the curves for the 1030 nm bending 

loss and the required filtering loss correspond to the optimum fiber designs, for this 

particular fiber length and bending radius.  

The loss at 980 nm corresponding to these intersections can then be determined 

from figure 5-6. For a more thorough optimization of the core NA, also other bending radii 

(4, 7, and 15 cm) and fiber lengths (3, 6, and 12 m) were considered. In all cases 7 cm gave 

the lowest, or close to the lowest, total loss at 980 nm. The total 980 nm bending losses are 

summarized in Table 5-2 for the different fiber lengths and operating pump absorptions, at 

7 cm bending radius. We see that a fiber length of 12 m  provide the lowest total loss at 

980 nm for the three studied lengths, especially for low values (4 dB) of the total operating 

pump absorption. For higher values, the difference is smaller. Table 5-2 also specifies the 

optimum core NAs and Yb-concentrations for the different fiber lengths and pump 

absorption. In order to keep the 980 nm loss at an acceptable value, the operating pump 

absorption of 4 dB or 60% is targeted.  
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Bending loss at 4 cm bending radius
  980 nm
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Figure 5-6. The required filtering loss at 1030 nm and bending loss at two 
different wavelengths (980 nm and 1030 nm) for different pump absorptions and 
the core NA according to Table 5-1. (a) bending radius : 15 cm,  (b) bending 
radius : 7 cm, (c) bending radius : 4 cm 

(c) 
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Table  5-3. Total loss at 980 nm, core NA and Yb concentration for different pump 
absorptions and fiber lengrths when the bending radius is 7 cm 
 
σp : pump absorption, α980 : total loss at 980 nm, NAco : NA of the core, N0 : Yb 
concentration 

Fiber length (m) 

3 6 12 

σp 
 

α980 
(dB) 

NAco 
N0 

(ppm) 
α980 
(dB) 

NAco 
N0 

(ppm) 
α980 
(dB) 

NAco 
N0 

(ppm) 

4 5.4 0.081 4010 6 0.080 1960 1.2 0.089 1170 

6 16.2 0.078 5640 7.2 0.082 3060 6 0.087 1690 

8 26.1 0.075 7010 9.6 0.084 4280 8.4 0.085 2160 

 

The optimum core design is derived, within the parameter space which is examined. 

There are however several points to be noted. This design gives us the minimum 980 nm 

loss, but the output power of a 980 nm YDFL will depend on the threshold. Futhermore the 

pump absorption is on the low side. This can be increased by reducing the inner-cladding 

area, at the expense of a more challenging pump launch. An important point is indeed that 

even though a 120 µm inner cladding diameter has been assumed, this assumption only 

affects the operating pump absorption. The same optimum core designs would be obtained 

with a different inner cladding size, but with different pump absorption.  

In addition, a target of 0 dB total gain at 1030 nm is only approximately correct. 

With wavelength-selective cavity mirrors, (e.g., fiber Bragg gratings), a gain of at least 30 

dB can be tolerated before strong ASE and even spurious lasing become unavoidable. On 

the other hand, in order to avoid strong ASE, the 1030 nm gain must be sufficiently 

suppressed everywhere in the fiber, not just on average. Thus, strong unwanted ASE could 

possibly occur even with a 0 dB average gain. Finally, bending loss depends strongly on 

fiber parameters and is difficult to calculate accurately. A slight deviation in the shape of 
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the core refractive index profile, for example, may well result in a significant difference in 

the spectral characteristics of the bending loss. 

In fact, the fiber (F645-LF239) for 980 nm YDFL used in the next, deviates 

somewhat from the optimum design find above. The fabricated fber has a ring-shaped 5.7 

µm thick Yb-doped alumino-silicate core with NA of 0.073 with respect to the silica 

cladding around an air hole of 10 µm diameter, and a 11 µm thick depressed ring of NAdip 

= 0.08 immediately outside the core. The depressed ring is surrounded by a pure-silica 

region, which dominates the inner cladding. The core area in DCHOF becomes 281 µm2. 

The low-power pump absorption is 1.3 dB/m in a 120 µm diameter inner cladding, 

corresponding to an Yb concentration of 1500 ppm by weight. Theoretically, the pump 

absorption becomes 0.6 dB/m at 50% Yb-excitation.  

Given the deviations between the optimum fiber design and the fabricated fiber, 

some additional calculated characteristics will be described in the next section. Here, it is 

focused on whether the bending loss can provide sufficiently sharp spectral filtering. Using 

fiber parameters of the fabricated fiber, the effective indices of the LP01 mode (or 

equivalently, their propagation constants) and the bending loss at three different radii, 4 cm, 

7 cm, and 15 cm were calculated. Figure 5-7(a) shows the effective index as a function of 

wavelength, showing that the DCHOF has a theoretical fundamental mode cut-off at ~1150 

nm. This behavior is important, as rapid change of the effective index with wavelength is 

needed to get spectrally sharp bending loss characteristics. In order to effectively shift the 

fundamental mode cut-off to the shorter wavelength, as required for 980 nm laser operation, 

an additional bending in fibers is introduced. It introduces a high loss for long wavelengths, 

which gradually shifts to shorter wavelengths as the bend radius decreases. Experimentally, 

fibers are bent to a radius that provides the best output characteristics (typically the highest 

980 nm output power). A good way to assess how well the fiber suppresses unwanted 1030 
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nm is therefore to calculate the bend loss. Figure 5-7(b) shows the calculated bending 

losses in the DCHOF at different bending radii, and suggests that ~ 7 cm is an appropriate 

bending radius. The large core is also important in terms of the pump absorption in 

cladding-pumped fibers, especially in the case of a 980 nm YDFL in which a small inner-

cladding / core area ratio helps to reduce the gain at 1030 nm relative to that at 980 nm.  

 

Using the designed DCHOF, the bending loss as a function of the bending radius at 

three different wavelengths, 980 nm, 1030 nm, and 1060 nm respectively was also 

calculated as shown in figure 5-8. The dotted rectangle indicates the available bending 

radius for 980 nm operation, where the bending loss at 980 nm is maintained as low value. 

Otherwise, above 10 dB/m of bending loss at both 1030 nm and 1060 nm can be induced. 

The tolerance in bending radii is small but seemingly sufficient. However tolerances in the 

fiber parameters must be considered. It was found that the fundamental mode cut-off is 

highly sensitive to the core thickness, more so than in a conventional fiber where the cut-

off is proportional to the thickness. A change in cut-off may cause a significant variation in 

the bending loss. To investigate this, a ±2% tolerance of the core thickness was applied at a 
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wavelength for the designed DCHOF (b) Bending loss vs. wavelength at different 
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central value of 5.7 µm thickness and then the bending loss was calculated at bending 

radius of 7 cm. Table 5-3 shows the bending loss changes depending on the variation of the 

core thickness. Here, A 2% variation of core thickness causes a relatively big change in the 

bending loss at 980 nm, 1030 nm and 1060 nm due to the variation of the fundamental 

mode cut-off. However, it is possible to compensate variations in the core thickness and 

other core parameters by changing the bending radius. Then the sharpness of the filter 

remains almost unaffected by a small change in core thickness. 
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Table 5-3. The bending loss variation dependence on the 2% tolerance of the core 
thickness. 

Core Depressed clad 
Bending loss (dB/m) at 
bending radius : 7 cm 

Thicknes
s (µm) 

N
A 

Thickn
ess (µm) 

NA 

Hol
e 

radius 
(µm) 980 nm 1030 nm 1060 nm 

5.7+0.114 0.14 3.19 14.80 

5.7 0.82 14.70 59.10 

5.7-0.114 

0.
073 

11.4 0.080 5 

2.33 33.74 117.23 

 

 

5-1-3. Experimental investigation of the Yb:Al-doped DCHOF laser at 

980 nm 

A Yb-doped DCHOF preform (LF239) using the MCVD and solution doping 

technique was fabricated. The solution was composed of 1g YbCl3⋅6H2O and 2g 

AlCl 3⋅6H2O in 200cc methanol (99.9999 % purity), which provides ~1500 ppm of Yb ion 

concentration in the aluminosilicate glass host. At the final collapsing stage, a hole of 0.5 

mm diameter was left in the preform. The preform diameter was 12 mm. It was etched 

externally to 6 mm diameter in the concentrated HF bath in order to obtain the expected 

fiber structure. The etched preform was then milled to a double D-shape to improve the 

pump absorption by breaking the circular symmetry. The flat sides of the D-shape fiber 

were located around the fiber asymmetrically. The preform was then drawn to a fiber 

(F645-LF239), with 120 µm diameter inner cladding, and coated with a low-index polymer 

(UV curable) outer cladding, which provided a nominal inner-cladding NA of 0.48. The 

fiber has a central air hole diameter of ~10 µm, with a ring shaped Yb-doped alumino-

silicate core and a depressed inner cladding section of thicknesses ~5.7 and ~11 µm 

respectively, as shown in figure 5-9. The core and the depressed cladding index differences 

were 0.0016 (NAco ~ 0.073) and -0.002 (NAdip ~ 0.080) respectively, both with respect to 
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the silica inner cladding. Thus the parameters of the fabricated fiber are the same as those 

used for our modal calculations in the previous section. The low-power pump absorption 

was 1.3 dB/m. 

 

 
 

The LP01 mode cut-off behavior of the fabricated DCHOF was verified by 

measurements of transmission spectra. A spectrally flat white light source was used for the 

transmission measurement. Both ends of the DCHOF were collapsed and then spliced to 

single mode fiber (SMF), in order to remove the cladding modes guided in the inner 

cladding. Figure 5-10 shows the transmission spectra in a 50 cm long Yb-doped DCHOF 

for bend radii of 15, 7 and 4 cm. Based on the calculated results, it can be assumed that the 

bending loss can be so low as to be ignored at the bending radius of 15 cm for wavelengths 

shorter than 1030 nm. Although the DCHOF does have a well defined fundamental mode 

cut-off in theory, the practical cut-off is less well defined. In a double clad fiber, the mode 

remains guided by the inner cladding even beyond the fundamental mode cut-off and can 

be captured back by the single mode fiber. This may cause the discrepancy between the 

Figure 5-9. Microscope cross section image of the Yb:Al-doped 
DCHOF (F645-LF239). 
.  

30 µm 
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measured and calculated data of the bending loss. Moreover, in Yb-doped fibers, Yb 

absorption at 980 nm is significantly high, which prevents us from measuring the bending 

loss around 980 nm. As shown in figure 5-10, the bending loss at 980 nm cannot be 

experimentally estimated, while the bending loss at 1030 nm was measured as 9.2 dB/m at 

the bending radius of 7 cm and 15.2 dB/m at the bending radius of 4 cm. Comparing it with 

the calculated results in figure 5-8, at the small bending radius (4 cm), the difference 

between the measured and calculated loss is quite large. Otherwise, the calculated bending 

loss at the relatively large bending radius (7 cm) agrees reasonably well with the measured 

data.  Discrepancies might be due to fiber uncertainties such as the tolerance of core index 

structure and mode coupling. In particular, any back-captured light would influence the 

result more at small bend radii with theoretically very high bending loss and it would 

reduce the sharpness of the filter. However, it is also found with non-double-clad fibers 

that the experimental bending loss spectrum is less sharp than the theoretical one. The 

1030 nm measured and calculated bending losses at 7 cm bending radius can be used to 

more reliably predict the bending loss at 980 nm than the theoretical calculations of figures 

5-7 and 5-8. A value of 0.82 dB/m is thus predicted, which is high enough to significantly 

degrade the efficiency. It is not clear that if the measured filter characteristics are 

sufficiently sharp for efficient high-power 980 nm operation. Rather, this has to be 

determined by laser experiments. The bending of the fiber should then be adjusted during 

laser operation to obtain the best combination of loss at 980 nm and 1030 nm. 
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The laser performance at 980 nm in a conventional laser configuration, as shown in 

figure 5-11, was assessed. A 6 m long fiber was pumped by two multimode laser diode 

sources of relatively low brightness, with 200 µm 0.2 NA fiber pigtails. Up to a total pump 

power of 19 W was launched into the Yb-doped fiber through both of its ends via a 

combination of lenses and dichroic mirrors (DMs). A laser cavity was formed between a 

perpendicularly cleaved fiber end facet (4% Fresnel reflection) at the outcoupling end of 

the fiber and a DM, highly reflective (HR) at 980 nm and highly transmissive (HT) at 1030 

nm, at the other end of the fiber. The bending radius of the DCHOF was varied between 7 

cm and 4 cm in order to find the maximum output at 980 nm and then the bending radius 

was fixed at 6 cm, which yielded the maximum output power at 980 nm.  The single-pass 

pump absorption was 8 dB, which was calculated using the measured data of the input and 

output pump power in a single-pass of the pump light through the fiber.  
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Figure 5-10. Transmitted spectra of the fabricated Yb:Al-doped DCHOF at different 
bending radii measured with a spectrally flat white light source. (Fiber number : 
F645-LF239) 
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The 980 nm laser characteristics are shown in figure 5-12. The maximum output 

power was 3.1 W with 34% slope efficiency (η) and 9.2 W threshold power, both with 

respect to the launched pump power. According to the previous section, with the cross-

sections of reference [15], such a high pump absorption requires a suppression at 1030 nm 

as high as 250 dB. It appears difficult to get such high suppression at 1030 nm without 

inducing significant bending loss at 980 nm, which may explain the relatively low slope 

efficiency. A bending loss of ~3.5 dB/m at 980 nm would lead to a slope efficiency of 34%. 

Moreover, Yb ion quenching can be significant. This will be discussed later in detail. On 

the other hand, the measured threshold is in good agreement with the theoretical value. 

However it is still relatively high, which further degrades the overall efficiency.  

At this stage, the output was ring-shaped. The out-coupling end of the fiber was 

then collapsed and the beam quality measured. The power penalty from collapsing the fiber 

was less than 5%. An M2 value of 1.09 was obtained, implying that the output beam was 

single-moded and nearly diffraction limited. Compared to the earlier results using JAC 

fiber structures [55], this fiber has an order of magnitude larger inner-cladding area. 
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Figure 5-11. Laser configuration for Yb:Al-doped DCHOF operating at 980 nm. 
HT: High transmission, HR : High reflectivity, ASE : Amplified stimulated 
emission.  
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Although the large inner-cladding results in a much higher 980 nm laser threshold, it does 

allow for pumping with standard pig-tailed multimode single-emitter laser diodes of 

relatively low brightness. The use of higher-power pump sources of higher brightness, 

including commercially available pigtailed diode bars and multi-emitter sources, as well as 

single- or even multi-emitter sources combined in commercially available tapered fiber 

bundles, should allow our fiber to be power-scaled well beyond the 10 W level.  

 

 

 

5-1-4. Power-scaling of the Yb:Al-doped DCHOF laser at 980 nm 

 

In order to increase the 980 nm output power, the use of a smaller inner-cladding 

fiber was investigated. This reduces the laser threshold at 980 nm. The same preform 

(LF239) as the previous one was etched in a bath of HF acid to reduce the outer diameter 

only. The preform was then milled to a double D-shape as before and drawn to a 90 µm 

and 80 µm diameter fiber, to match the core parameters of the 120 µm diameter fiber, but 

with an inner cladding area that is ~44% and ~55% smaller. Figure 5-13 shows the laser 
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configuration used for the 90 µm and 80 µm fiber. The increased cladding-to-core area 

ratio led to an increased pump absorption. The fiber was therefore shortened to 3 m. This 

was pumped from one end using a 915 nm multimode diode, which delivers a maximum 

power of 32 W from a 100 µm, 0.4 NA, fiber. The maximum launched pump power was 

19 W. As before, a laser cavity was formed between a perpendicularly cleaved end facet 

(4% Fresnel reflection) of the fiber and a 980 nm HR, 1030 nm HT dichroic mirror. This 

also reflects back the residual pump into the fiber, so that the pump was double-passed 

through the fiber. The fiber was coiled to an optimum radius of ~7 cm, which again 

resulted in the highest output power.  

 

The maximum 980 nm power obtained was 7.5 W, with 49% slope efficiency with 

respect to launched pump power (Figure 5-14), i.e., higher than in the larger (120 µm) 

inner cladding fiber. Moreover, in the 80 µm fiber, the efficiency (61% with respect to the 

launched pump power) was much better and also, the maximum output power was 9.2 W. 

The threshold for 90 µm and 80 µm fibers reduced to 4.2 W and 3.5 W of the launched 

pump power, i.e., 54% and 62% lower than the value for the thicker fiber. The beam 

quality was measured, after collapsing the pump launched end of the fiber, and an M2 of 

2.7 for 90 µm fiber and M2 of 27 for 80 µm fiber were obtained. Contrary to the 120 µm 
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Figure 5-13. Laser configuration for 980nm Yb:Al-doped DCHOF with 
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diameter fiber result, the beam quality in this case was degraded, even though the core size 

and NA in both fibers remain the same.  

 

 

Figure 5-14, (a) Laser output characteristics of 980nm Yb:Al-doped DCHOF 
with 90 µm and 80 µm of the inner cladding diameter. (b) Output spectrum 
for Yb:Al-doped DCHOF laser with 90 µm inner cladding diameter. 
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The reasons for these differences in power characteristics and beam quality 

between the 90 and 120 µm diameter fibers is next discussed. The degraded beam quality 

can either be a result from lasing on cladding-modes or because of 980 nm laser radiation 

propagating in the core leaks out into the inner cladding. Such leakage can result from 

bending, since with a double-clad fiber, light lost from the core through bending would 

actually remain guided by the inner cladding. Even though the core parameters are similar 

for the 90 and 120 µm diameter fibers, the increased micro-bending of a thinner fiber could 

explain such differences in core-mode losses between the two fibers.  

 

5-1-5. Analysis of beam quality degradation and low efficiency in the 

Yb:Al-doped DCHOF laser at 980 nm 

 

In order to further investigate the reasons for the degraded beam quality, additional 

laser experiments were performed. A pinhole was used to separate the light guided in the 

core and in the inner cladding. In this case, the laser cavity was formed between a 

perpendicularly cleaved end facet of the DCHOF fiber and a bulk grating with 60% first-

order diffraction efficiency in a Littrow configuration. Both fiber ends were collapsed. 

Here, the residual pump was not re-launched back into the fiber. The fiber length used was 

1.5 m and the fiber with 90 µm inner cladding diameter was used. A similar behavior of 

the beam quality is expected for the different laser configurations used, despite the 

differences between them. The output powers were measured before and after the pinhole. 

The results are shown in figure 5-15. The maximum output power was 3.2 W before the 

pinhole, with a slope efficiency η of 49% with respect to the absorbed pump power. The 

beam propagation parameter M2 was 2.7. After the pinhole the maximum power obtained 

was 1.95 W, with η ∼ 27%, and M2 1.28. Significantly, at low power level (0.5 W output at 
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980 nm), there is no difference in output power between the two cases at low power, which 

shows that the laser is (nearly) diffraction-limited then. It can be concluded that bend-

induced light leakage from the core into the cladding alone does not explain the 

degradation in beam quality, since this would be a largely power-independent process. 

Rather, there must be direct amplification of, and power transfer to, light propagating in 

cladding-modes, as a result of high gain in areas of the core that are not saturated by the 

lasing core-mode under high-power pumping. Some of the cladding-modes must have a 

significant overlap with such high-gain regions. The power-transfer can either be in the 

form of cladding-mode lasing, or through amplification of light that is leaking out from the 

lasing core-mode. Since there is a significant feedback at 980 nm, the gain required for 

cladding-mode lasing is expected to be lower than that required to amplify light leaked 

from the core mode. This would indicate that cladding-mode lasing is the cause of the 

degraded beam quality. However, if the leakage from the core mode is sufficiently high 

into high-gain cladding-modes, this need not be the case. Further experiments, e.g., with 

mode-selective feedback, would be needed to more definitely clarify this. In any case, the 

significantly lower confinement of the cladding-modes would explain why the cladding-

modes of the 120 µm diameter fiber are not excited. It is also noted that the lack of excited 

cladding-modes in the 120 µm fiber implies that the leakage of light from the core to the 

cladding at 980 nm, i.e. the 980 nm bending-loss, is small. 

The relatively low slope efficiency obtained in 120 µm inner cladding fiber, and the 

higher efficiency of the 90 µm fiber is considered. There are few possible explanations to 

this. As bending only couples light from the core to the inner cladding, bending-loss cannot 

explain the low efficiency. Furthermore, if bending-loss was anyway a significant loss 

mechanism, it would lead to large amounts of light emitted from the sides of the fiber. This 

was not observed. Another possibility would be that pump power absorbed in regions of 
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the core where the modal field of the core mode is weak cannot be transferred efficiently to 

the 980 nm laser field. However the low saturation intensity of Yb at 980 nm rules out this 

explanation. See, e.g., [15]. (Note that by contrast, despite the low saturation intensity, it is 

still possible for the gain to reach high values in such regions.) The most likely explanation 

seems to be quenching of Yb-ions, which can severely impact the efficiency of cladding-

pumped 980 nm YDFLs [15], [113]. 

The efficiency of the core-mode lasing of the 90 µm fiber (27% in figure 5-15) is 

similar to that obtained with the 120 µm mode fiber, emitting only from the core-mode 

(34% in figure 5-12). Note that while the 34% refers to launched power, the pump 

absorption is ~90% so the value for the efficiency with respect to the absorbed power is 

similar, (approximately 37%). The lower efficiency of the core-mode of the 90 µm fiber 

may be due to pump power transfer to competing cladding modes, when they start to lase. 

If so, this indicates that a fraction, (37% – 27%) / 37% = 27%, of the absorbed pump 

power is used for stimulated emission of the cladding-modes rather than the core-modes. 

From figure 5-15, a slope efficiency for cladding-modes of 22% with respect to all of the 

absorbed pump power can be inferred. This would correspond to a slope efficiency of 22% 

/ 27% = 81%, with respect to the 27% of the pump power that is available for cladding-

pump lasing. Although this is only a rough estimate, a much higher slope efficiency for 

cladding-mode lasing is in agreement with the quenching hypothesis, as cladding-modes 

with a much smaller overlap with the Yb-doped core would be much less impacted by Yb-

quenching than the core-mode is [15]. Further characterization, e.g. of unsaturable 

absorption [113], would be needed to firmly establish the impact of quenching in this fiber. 
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5-1-6. Summary of the Yb:Al-doped DCHOF laser at 980 nm 

It is still challenging to scale up the output power at 980 nm with the cladding-

pump YDFL maintaining a single-mode beam quality due to the problem of cladding-mode 

lasing. However, based on these results, a solution for suppressing the cladding-mode 

lasing can be chosen, and it would be the best way to reduce the gain of cladding-mode by 

adding absorbers for 980 nm in the inner cladding. Furthermore, more sophisticated control 

of the refractive index will be required for the sharp separation between 980 nm and 1030 

nm.  

 

 

 

 

 

M2 = 1.28 

M2 = 2.7 

Figure 5-15. The laser characteristics of 980 nm Yb doped DCHOF laser (90 µm 
diameter) before pinhole and after pinhole. Inset : beam quality measurement data. 
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5-2. Yb:Al-doped DCHOF laser operating at ~1040 nm 
 
 
 

Generally, Yb-doped fiber lasers have a broad tunable range from 1.0 µm to 1.1 µm 

[92]. However, it is not power scalable at all wavelengths. While the output power at the 

longer wavelength side (1.1 µm) can reach above kW levels due to the four-level laser 

characteristics, the output power at the shorter wavelength side (< 1.06 µm) has still not 

reached to the kW level because of the three- (quasi three) level laser characteristic [114]. 

The difficulties of the YDFL operating at 980 nm have already been shown in the previous 

section. In this section, the power-scaling of the laser at the shorter wavelength side of the 

1030-1080 nm emission band of a Yb-doped fiber laser, using the DCHOF structure, will 

be investigated. The operation at the shorter wavelength in the YDFL theoretically allows a 

higher quantum efficiency than at the longer wavelength, which could be advantageous in 

terms of the thermal management in very high output power levels (~kW).  

The output power at the shorter wavelength is limited by the relatively high GSA. 

Fortunately, it is easier to generate the shorter wavelength lasing (~ 1040 nm) than to 

generate the laser at 980 nm because of the relatively low GSA and high gain at the shorter 

wavelength. In order to suppress the gain at the longer wavelength (~1.1 µm), the 

distributed wavelength fiber filter can be used.  The DCHOF used in this thesis will be a 

good solution because it can obtain a single-mode and a relatively large core, whilst 

maintaining the fundamental mode cut-off wavelength at the proper location. As 

mentioned in the previous section, the fundamental mode cut-off wavelength effectively 

shifts to the shorter wavelength side by bending the fiber. If the bending loss is properly 

controlled, the gain at the longer wavelength will be reduced.  

The large core is preferred for scaling up the output power in the YDFL because it 

allows the improvement of the pump absorption, as well as avoids an optical and thermal 
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damage and any nonlinear scatterings, such as stimulated Raman scattering (SRS) at the 

significant power level. However, the large core eventually leads to the multimode output 

beam. In practice, it is an obvious choice to use a single-mode core in order to obtain a 

robust single mode output, but it causes the significant fiber nonlinearities, especially, SRS. 

This is the main obstacle to scale up the output power in a single-mode core. The relatively 

large core of the DCHOF will mitigate SRS and provide a robust single mode output beam 

quality.  

In this section, using a DCHOF structure, the operation at the shorter wavelength in 

the Yb:Al-doped DCHOF, is first investigated..  

 

5-2-1. Experimental investigation of the Yb:Al-doped DCHOF laser 

operating at 1046 nm 

 

In most Yb-doped alumino-silicate fiber lasers, the output wavelength is ~1.1 µm 

with the lowest threshold, as mentioned before, whilst the Yb-doped phospho-silicate fiber 

laser can produce the laser output at a relatively shorter wavelength, which is not as 

efficient as aluminosilicate host due to the limited solubility of Yb ions in the 

phosposilicate host. However, the DCHOF is available to generate a laser output at the 

shorter wavelength, ≤ 1.06µm by suppressing the amplified stimulated emission (ASE) at 

1.1 µm using the fundamental mode cut-off. Even Raman gain at the 1st Stokes wavelength 

can be reduced due to the induced loss by the fundamental mode cut-off when the cut-off 

wavelength is located properly between the signal and 1st order stoke wavelength [39] and 

the power scaling up to multi kW using single mode doped core is possible without the 

limitation imposed by SRS in fiber-based systems [93]. 
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The same preform as used in the previous section (LF239) was drawn to a fiber 

with 170 µm inner-cladding diameter (F643-LF239) in order to move the fundamental 

mode cut-off to a slightly longer wavelength, and coated with a low-index polymer outer 

cladding which provided a nominal inner-cladding NA of 0.48. The core comprised a 6.2 

µm Yb-doped ring (NA ~ 0.07) around an air hole of 18µm diameter, and a depressed ring 

in the inner cladding of thickness 14 µm (NA ~ 0.08). From these fiber parameters, the 

modal characteristics, using the equation (4-3) in the previous chapter 4, were numerically 

analyzed. Figure 5-16 (a) shows the effective indexes changes of LP01 mode depending on 

the wavelength of such a fiber. The fundamental, LP01, mode cut-off is ~1.15 µm. Thus the 

guided core mode does not exist beyond this wavelength. Experimentally, the cut-off 

wavelength was measured with a white light transmission measurement, as shown in figure 

5-16 (b), and the result is in good agreement with our modeling.  

 

 

Based on the transmission spectrum, the induced loss by the fundamental mode cut-

off is around 10 dB/m, while the loss at 1040 nm was not significantly affected by the 

fundamental mode cut-off. Although the bending radius was as small as 5 cm, the induced 
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bending loss was 1 dB/m, which is much smaller than before. The Yb-doped DCHOF was 

pumped by 975 nm multimode diode stack lasers (Laserline source with 500 W output) 

through a combination of collimating lenses and dichroic mirrors. Figure 5-17 shows the 

laser configuration for Yb:Al-doped DCHOF. 5 m long fiber was used and a simple laser 

cavity was formed between perpendicularly cleaved end facets of the fiber, providing 4% 

Fresnel reflections. Dichroic mirrors (high reflection at 980 nm, high transmission at 1030 

nm) were used to separate signal and pump beams. The output power was monitored at 

both sides with power meters. The operational pump absorption was 2 dB/m. 

 

 

Figure 5-18 shows the laser output characteristics. The output power reached 59.1 

W with a slope efficiency of 81% with respect to the launched pump power and 85% with 

respect to the absorbed pump power, with a central lasing wavelength of 1046nm. The 

emission at longer wavelength with low threshold was suppressed by the LP01 mode cut-

off, instead, the shorter wavelength of 1046 nm was lased in this cavity. The mode field at 

the longer wavelength is not confined to the doped core and exists as the cladding mode, 

which is caused to significantly reduce the overlap with the doped core significantly and 

thus the gain at longer wavelengths is not enough to generate a laser. In practice, the 

overlap factor at 1046nm was 61%, while it is 3% at 1080 nm according to the calculation. 

In a narrow wavelength range of 34 nm, the overlap factor is reduced by a factor of 20, 

Pump  
@ 975 nm 

Yb-doped DCHOF (5m) 

Laser output 

Residual pump 

Dichroic mirror 
HT: 975 nm 

HR: 1030 – 1150 nm 

Dichroic mirror 
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HR: 1030 - 1150 nm 
 

Figure 5-17. Laser configuration for Yb-doped DCHOF . HR: high reflectivity, 
HT: high transmission. 
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which means that the gain at longer wavelengths can be suppressed by a factor of 20 and it 

was possible due to the steep LP01 cut-off characteristic of DCHOF. In this case, the laser 

wavelength of 1046nm is quite near the fundamental mode cut-off. It can be expected that 

a high loss is employed at the signal wavelength due to the fundamental mode cut-off. 

However, the laser at the shorter wavelength can be achievable with such high efficiency 

without any additional loss by the LP01 mode-cut-off. In addition, only the LP01 mode is 

guided in this ring core at the laser wavelength of 1046nm, where the LP11 mode is cut-off 

based on the modal calculation in figure 5-16 and thus, the output beam quality is expected 

to be a diffraction-limited single mode, as shown in the previous results [94]. Moreover, as 

the emission at longer wavelength is filtered out from the core, SRS, the main constraint on 

power scaling, can be suppressed by the induced loss of the fundamental mode cut-off. In 

practice, the suppression of SRS was demonstrated using W-type fiber, which has a similar 

cut-off characteristic and will be discussed in details in chapter 6. 

 

The Yb:Al-doped DCHOF thus looks promising to generate lasers over all the 

emission bands of Yb ions in a silicate glass host.  
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5-3. Summary 

In this chapter, an Yb:Al-doped silica DCHOF, designed with non-zero 

fundamental mode cut-off, for high-power cladding-pumped 980 nm laser operation was 

demonstrated. In addition, laser operation at the other shorter wavelength (1046 nm) in the 

Yb:Al-doped silica DCHOF was also presented. Such fibers act as short-pass filters that 

allow unwanted longer wavelengths to be suppressed.  

Firstly, the requirements of a cladding-pumped 980 nm fiber laser were analyzed, 

in particular the need to suppress competing emission at 1030 nm and longer wavelengths. 

Then the ability of DCHOFs of different designs to satisfy these requirements was 

investigated. It was found that  even though the 980 nm emission in the Yb-system is quite 

close to the competing emission, which normally dominates in a cladding-pumped fiber, it 

is still possible to design the DCHOF to efficiently suppress the competing emission at the 

longer wavelength. Experimentally, 3.1 W of output power was obtained in a nearly 

diffraction limited beam (M2 1.09) in a fiber with a 120 µm inner cladding diameter, with a 

laser threshold of 9.2 W and a slope efficiency of 34%. Although, the large inner cladding 

facilitates pumping with a low brightness pump diodes, but it leads to a high 980 nm laser 

threshold. The output power increased to 7.5 W when the inner cladding diameter was 

reduced to 90 µm, while keeping the core parameters constant, as a result of a lower 

threshold. However, at the same time, the beam quality degraded to an M2-value of 2.7. 

This is due to cladding-mode lasing in the thinner fiber with its larger overlap between the 

cladding-modes and the core. In an improved fiber design, cladding-modes can be 

suppressed by a 980 nm absorber in the cladding. The relatively low slope efficiency is 

attributed to Yb-quenching, which can be avoided with improved fabrication [113]. 
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A cladding-diameter of 90 – 100 µm is still compatible with standard low-cost 

diode sources. Our initial result suggests that the DCHOF approach can be used for low-

cost single-mode 980 nm laser sources, with a few watts of output power, pumped by 

single-emitter multimode diodes with ~ 10 W of output power. It would allow for scaling 

up the power beyond 10 W with commercially available multi-diode and multi-emitter 

diode sources including diode bars. 

Secondly, through a simple laser characterization of the Yb:Al-doped DCHOF, the 

suppression of the gain at the longer wavelength side in Yb emission bands was verified. 

The DCHOF structure was useful to suppress the undesired emission at the longer 

wavelength when the fiber was properly designed. 59.1W of the output power with 85% 

slope efficiency with respect to the absorbed pump power at a shorter wavelength, 1046nm, 

was demonstrated, by filtering out the emission at the longer wavelength (~ 1100 nm). In 

addition, the high pump absorption in DCHOF was achieved due to the ring core. The 

output beam is expected to be single-mode based on our modal calculation. Therefore, the 

Yb-doped DCHOF shows promising prospects to scale up the output power in a single 

mode core fiber as well as for the generation of output at a shorter wavelength.  
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Chapter 6. The suppression of the stimulated 

Raman scattering in Yb-doped, W-type fiber. 
 

 
6-1. The stimulated Raman scattering in the Yb-doped 

fiber amplifier 
 

 

6-1-1. SRS in a high power fiber laser and amplifier 

Cladding-pumping enables fiber lasers to reach output power levels where they can 

compete with conventional bulk solid state lasers in many applications such as micro-

machining, welding and materials processing. The continuous wave (CW) output power of 

high brightness cladding-pumped ytterbium (Yb) doped fiber lasers has already reached 

the kW-level [5, 6]. Moreover, fiber-based master oscillator – power amplifier (MOPA) 

sources show the potential to scale up the average output power of more sophisticated 

waveforms, such as picosecond pulses [10]. For those, fiber nonlinearities become an 

important issue. Stimulated Raman scattering (SRS) is a main obstacle for power scaling of 

pulsed or CW fiber systems. It can occur in the laser or amplifier itself as well as in any 

delivery fiber. To date, most high power pulsed fiber sources use a large low-NA core and 

a relatively short fiber. The resulting reduction of the power density and the interaction 

length mitigate SRS and other nonlinear effects. This has enabled pulsed fiber amplifiers to 

be scaled to the MW level and beyond [11, 12]. While large cores eventually lead to a 

multimode output beam and so a degraded beam quality, the beam quality obtained with a 

multimode core can be improved by filtering out the higher order modes, e.g., by tapering 

the fiber or by coiling a low-NA fiber [56, 57]. However, these methods have their 
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limitations and may be difficult to implement in a robust and reliable manner. In practice, 

the acceptance of mode-filtered and short fiber devices has been slow in commercial 

products. Furthermore, those methods designed to achieve high peak powers and 

diffraction-limited output are difficult to implement in high power delivery fibers, which is 

another important application. 

Hence, a single-mode core still remains an obvious choice for high beam quality. 

However, a single-mode (i.e., small) core requires a long fiber in the cladding-pumped 

configuration, because of the relatively low pump absorption due to the large area ratio 

between the inner cladding (pump waveguide) and the Yb-doped core. The resulting strong 

interaction of the optical field with the small core over a long fiber will reduce the SRS 

threshold significantly [58]. The SRS threshold becomes proportional to the inverse of the 

fourth power of the core diameter. Therefore, the suppression of SRS is required in order 

to scale up the output power in a small-core robustly single-mode system. Recently, 

several groups have demonstrated SRS suppression through bending the single-mode fiber 

and thus by introducing wavelength dependent loss [64, 65]. However, such fibers with a 

normal step index structure will introduce a significant amount of loss at the signal 

wavelength too, because of the relatively slow dependence of bending loss on the 

wavelength. Recently, a dual hole assisted fiber with the fundamental mode cut-off has 

been suggested for the suppression of Raman gain [39]. This fiber can provide a sharper 

cut-off characteristic, but the fiber was passive rather than active, and no amplifier or laser 

results were presented. 

 In this chapter, a W-type fiber designed with a true fundamental mode cut-off is 

proposed for SRS suppression in a high power fiber-based source with a single-mode 

output. In several Yb-doped fiber-based sources, the SRS suppression will be demonstrated 

experimentally. The use of a small core fiber, readily compatible with existing fiber 
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technology, would allow for a compactly packaged, all-fiber high power source.  

 

6-1-2. SRS suppression: approach and simulations 

In a co-pumped YDFA, the power evolution of the pump ( PP ), signal ( SP ) and 

Raman Stokes (RP ) (the lower indices, P, S and R indicates the pump, the signal and 

Raman Stokes respectively) is determined by the following coupled differential equations 

in the steady state, 
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Here, a
iσ and e

iσ  ( SPi ,= and R ) are the absorption and emission cross sections of Yb-

ions and N  is total number of Yb-ions in the doped core. iΓ is the mode overlap with the 

Yb-doped area, effA  is the effective area for the Raman interaction, Sν  and  Rν  are the 

signal and Raman Stokes frequencies, and Rg is the Raman gain coefficient of standard 

single-mode germanosilicate fiber at ~1 µm (~1x10-13 m/W in case of polarized light and 

reduced by a factor of 2 for unpolarized light). sponP is the spontaneous Raman scattering 

power, which becomes ~177 nW when assuming an effective Raman Stokes bandwidth of 

~1 THz and that one photon is generated per mode per unit time per unit frequency. κ is 

a polarization factor ( 1=κ  for polarized light and 2=κ  for unpolarized light). 

Although, depending on the operating conditions, amplified spontaneous emission (ASE) 
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from the Yb-ions may be important in an amplifier system, a similar spontaneous 

emission term resulting from the Yb-ions is neglected in this calculation. Furthermore,Rα  

is the background attenuation coefficient of the Raman Stokes wave. The motivation for 

this work was to make Rα  large enough to suppress the build-up of the Stokes wave. By 

contrast, the background attenuation coefficients for the pump and signal waves are small, 

and have been neglected. Finally, 2N is the normalized excited-state population of the Yb-

ions, which becomes 
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Here, τ is the fluorescence lifetime of the Yb-ions and h is Planck’s constant. , A is the 

Yb-doped area (typically the core area), 

Though equations. (6-1) – (6-4) are for the steady state, they can also be used in the 

quasi-steady state. In our case the pulse energy will be on the µJ level, which is low 

compared to the intrinsic saturation energy of a typical single-mode YDFA (~ 10 µJ or 

more). In this situation, in the interaction with the Yb-ions, described by equation (6-4), the 

average power of the signal should be used. However, the Raman interaction is near-

instantaneous so, for that, the peak powers must be used. The Yb-induced amplification 

described by equations (6-2) – (6-3) applies to both instantaneous and average power. 

Hence, the peak power, rather than the average powers, should be used in equations (6-2) – 

(6-3). The pump is cw, and its cw power should be used in equation (6-1). 

The Raman Stokes power is generally dependent on the signal intensity and the 

fiber loss at the Stokes wavelength (Rα ) from equation (6-3). Therefore, the design 

approach for SRS suppression is to either choose a larger core fiber, e.g., a low-NA large 

mode area (LMA) fiber [95, 96], which increases the effective area, or to enhance the loss 
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at the Stokes wavelength without any additional loss at the signal wavelength. In this 

chapter, the second option was selected, and the core structure was designed in such a way 

that the propagation loss at the Raman Stokes wavelength would be high while the loss at 

the signal wavelength would remain low. For this, a W-type fiber was used, which only 

guides light with wavelengths shorter than the cut-off wavelength of the fundamental LP01 

mode [8, 14, 37]. Light above that wavelength escapes from the core. The interaction 

between the core, or light guided in the core, with any un-guided light is drastically 

reduced. W-type fibers have been used in the past few years for Nd-doped double-clad 

fiber lasers at around 930 nm [8, 46]. These require that emission from the competing 

unwanted 1060 nm transition is suppressed. Similarly, a W-type fiber designed for 

appropriate LP01 cut-off wavelength can effectively suppress SRS. 

Although a W-type fiber does have a well-defined fundamental-mode cut-off in 

theory, the practical cut-off is less well defined. This is particularly so since the effective 

index of the mode, which becomes lower than the refractive index of the cladding for 

wavelengths beyond the cut-off, varies quite slowly with wavelength near the cut-off. 

Furthermore, in a double-clad fiber, the mode remains guided by the inner cladding even 

beyond the cut-off wavelength of the core structure. The overlap of the fundamental mode 

with the core decreases significantly even before the theoretical cut-off wavelength is 

reached due to an increasing mode field diameter. The gradual decrease is continuous 

beyond the cut-off. The details depend on the geometry of the inner cladding. In addition, 

as the mode field diameter increases near to cut-off, mode-coupling and micro-bend loss to 

cladding-modes becomes significant in double-clad fibers. This spreads the light out 

among modes of the inner cladding. This will be significant in a small inner cladding as 

mentioned in the previous chapter 5. However, in the case of W-type fiber in this chapter, 

the inner cladding area is over 1000 times larger than the core area, so further interaction 
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with the core becomes negligible. Thus the light is effectively lost from the core. 

In practice, bending, including micro-bending, would shift the effective cut-off to a 

shorter wavelength, and increase the loss at a fixed wavelength, without any change of the 

qualitative behavior of the fiber. With or without bending there is a gradual increase, with 

wavelength, of loss from the core to the surrounding inner cladding, rather than a sharp 

cut-off. This justifies the use of a simple loss coefficient for the Stokes wave, on both sides 

of the cut-off wavelength, instead of a more complex, but probably not more accurate, 

analysis of the modal fields and mode-coupling. Experimentally, the performance of the 

amplifier will be optimized by bending the fiber, to induce as large as possible loss for the 

Stokes wave, but stopping before the loss-increase at the signal wavelength starts to 

degrade the performance. 

In order to theoretically evaluate the maximum signal output power from an Yb-

doped fiber amplifier, as limited by SRS without considering Yb ASE, the coupled 

equations (6-1) – (6-4) for the pump, signal and Raman Stokes, was numerically solved. 

The fiber had an effective area (Aeff) of 75 µm2, and a pump absorption of 0.3 dB/m in the 

cladding-pump configuration. The Yb3+ ion concentration in the core is 1.65×1025 ions/m3. 

The absorption cross section at the pump wavelength (980 nm) is 2.4 pm2, the absorption 

and emission cross section at the signal wavelength (1060 nm) is 0.005 pm2 and 0.3 pm2 

respectively and the lifetime of Yb3+ ions is 0.8 ms. An average signal power of 2 W is 

launched into the fiber, which is equivalent to ~600 W peak power for 103 ps 32 MHz 

repetition rate pulses in the experiment. The power of the cw pump was varied to evaluate 

the obtainable signal output power, limited by SRS. The pump and signal are co-

propagating from 0=z  to Lz =  (L = 23 m is the fiber length). The Raman Stokes wave 

also starts to evolve from the input end of the fiber. Since the physical length of the pulses 

in the fiber is only 2 cm, i.e., much shorter than the fiber, SRS will only be effective in the 
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forward-propagating direction. The pump and the signal wavelengths are 980 nm and 1060 

nm respectively. The 1st order Raman Stokes appears at 1114 nm. Raman conversion to 

higher Stokes orders is neglected, as only the regime in which the power in the 1st order 

Stokes wave will be small is considered. The dispersion of the W-type fiber was calculated, 

which is considered to be –38 ps nm–1 km–1. This leads to a walk-off between signal and 

Stokes waves of 47 ps over 23 m of fiber. However, the Raman amplification will be 

concentrated into a smaller length of the fiber, where the signal power is high. In particular, 

with high loss at the Stokes wavelength, the Raman gain will be too low to overcome the 

loss for low signal power. This reduces the actual fiber length over which the Stokes wave 

builds up and over which dispersion is important. Thus, though the walk-off may reduce 

the interaction between signal and pump pulses somewhat, the effect should be small, and 

is neglected in our steady-state analysis. 

The intrinsic background attenuation coefficient at 1114 nm, induced by material 

scattering and impurity absorption, is taken to be 0.01 dB/m. This value is in line with 

losses measured in double-clad Yb-doped fiber, and is much lower than what will be 

required to suppress SRS. The mode overlap factors of the signal and Raman Stokes 

( SΓ , RΓ ) are approximated to unity. Although for the signal, the overlap factor was 

estimated to be 0.77, the difference this makes will not be significant compared to the 

impact of other factors such as uncertainties in dopant concentrations and cross-sections. 

More interesting is the variation of the mode area of the Stokes wave near the cut-off 

wavelength. For such a fiber, at the theoretical cut-off of 1110 nm, the overlap with the 

Yb-doped raised-index core, is as low as 0.06. However, at the Stokes wavelength of 1114 

nm, the calculated overlap becomes smaller than 0.03, which is approximated by unity. 

Note that because of uncertainties about the fiber parameters, it is unclear how close to the 

cut-off wavelength it actually is, and hence what the overlap would be in the actual fiber. 
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The effective area for the Raman interaction similarly depends on the wavelength, and 

indeed on the bending if this distorts the mode profile, but also these effects are neglected. 

Figure 6-1 shows a simulation of the power evolution of the signal and Stokes waves for 

αR = 0.0023 m–1 (0.01 dB/km). The 1060 nm signal peak power reaches 5.56 kW but 

subsequent SRS leads to a complete depletion of the signal. In figure 6-1, the maximum 

signal power coincides with the initial rise of the Stokes wave. The maximum signal power 

is SRS-limited.. As this maximum is associated with the rapid growth of Stokes power, it is 

also defined to be the Raman threshold. However, there are many exceptions to this 

situation: If SRS is completely suppressed, the maximum signal power will be reached in 

the fiber output end, without reaching Raman threshold. In other cases, the loss at the 

Stokes wavelength can be so large that when the Stokes wave builds up and depletes the 

signal, the Raman gain and also the Stokes power drops back before the Stokes power 

reaches the signal power. 

 

Figure 6-1. Simulated power evolution of the signal and the Raman Stokes wave 
in our Yb-doped fiber, in the absence of Raman suppression. Absorbed pump 
power: 40 W (launched pump power : 70 W), input signal: 2 W average power in 
103 ps pulses at 32 MHz repetition rate. 
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In this case, this definition will be used for Raman threshold, whereas the 

conventional definition of Raman threshold (or critical power), where the Stokes and 

signal output powers are equal [72, 73], breaks down. It is noted though that with 

sufficiently high pump power, the Yb-gain would be high enough for the signal power to 

grow even after the Stokes power exceeds the signal power. In this regime, which is 

reached neither in experiments nor in simulations, another definition of the threshold 

power should be used. 

It is also pointed out that in order to reach the maximum power of 5.56 kW in 

figure 6-1, the fiber length would have to be cut. This however would not represent a 

practical amplifier, as the pump absorption would be only 2 dB. For good pump absorption 

and efficient operation, this particular fiber should be at least 20 m, and preferably 

significantly longer. For such long fibers, the peak output power (i.e., Raman threshold 

with our definition) that could be reached in the absence of any SRS suppression would be 

significantly lower. In practice this regime would be reached by operating with a higher 

repetition rate or a lower pump power. The benefits of SRS suppression would be greater 

with the longer fiber length required for efficient, practical, operation of a strictly single-

mode fiber amplifier, as the suppression would act over a longer length of fiber. 

Figure 6-2 shows the maximum peak signal power (Raman threshold) and the fiber 

length at which the corresponding power is reached vs. loss at the Stokes wavelength in a 

Yb-doped fiber amplifier operating at 1060 nm. The maximum power increases linearly 

with the loss at the Stokes wavelength, as SRS is suppressed. A loss of 20 dB/m at the 

Stokes wavelength allows for a fiber length of 21 m and a peak output power of 11 kW, 

before SRS begins to deplete the signal. Note that whereas the simulations extended over 

23 m of fiber, the fiber would have to be terminated at the maximum signal power to avoid 

severe SRS in the remaining fiber, as illustrated in figure 6-1. 
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6-1-3. SRS-suppressing fiber design 

A W-type fiber was designed for a fundamental mode (LP01) cut-off between 1060 

nm and 1114 nm. The core structure consists of a 7 µm diameter core, and a 7 µm thick 

depressed clad. The index difference (n∆ ) of the doped core and the depressed clad are 

0.003 and -0.002 respectively, both with respect to the silica outer cladding (silican  = 1.45). 

The effective indices of the two lowest-order modes (LP01 and LP11) were calculated using 

the above fiber parameters based on a weakly guiding approximation and linearly polarized 

modes as presented in reference [8]. As shown in figure 6-3(a), the LP01 mode cut-off 

wavelength, where the effective index (effn ) became equal to the silica cladding index 

( silican ), will be around 1.1 µm. However, because of the subtle nature of the cut-off as 

mentioned before, and uncertainties of the fiber parameters, the exact theoretical value of 

Figure 6-2. Calculated maximum signal power (Raman threshold) and the fiber 
length at corresponding power  vs. loss at the Raman Stokes wavelength. 
Launched pump power 70 W,  pump absorption 0.3 dB/m, input signal, 2 W 
average power in 103 ps pulses at 32 MHz repetition rate). 
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the cut-off wavelength is of little use and even quite difficult to determine exactly. 

Furthermore, the induced loss is really more interesting. Figure 6-3(b) shows the bending 

loss of our W-type fiber at different bending radii near the LP01 mode cut-off wavelength, 

calculated with both the matlab® (The Mathworks, Inc.) code made by myself based on 

the reference [81] and a commercial software package (Fiber_CAD 1.5, Optiwave 

Systems). The differences of simulated results between the methods were not significant as 

far as the loss and the fundamental mode cut-off are concerned. Here, an actual LP01 mode 

cut-off will be at ~ 1.16 µm for the bending radius of 30 cm, where the loss starts to 

increase significantly. Moreover, the effective LP01 mode cut-off shifts to shorter 

wavelengths by additional bending. At a bending radius of 10 cm, the bending loss 

becomes as high as 20 dB/m at 1114 nm, while the bending loss at 1060 nm remains below 

1 dB/m. In a double-clad fiber, light at the Stokes wavelength would quickly leak out from 

the core into the inner cladding, while 1060 nm signal light is maintained as a well-

confined single mode in the core.  
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Figure 6-3. (a) Effective indices vs. wavelength of the W-type fiber we designed. 
Inset: W-type waveguide (b) Calculated LP01 mode bending loss of the designed 
W-type fiber versus wavelength at different bending radii. 
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6-2. Experimental investigation of the suppression of 
SRS in Yb-doped, W-type fiber, MOPA source 
 

6-2-1. The fabrication of the W-type fiber 

An Yb-doped W-type fiber preform (LF247) was fabricated in house using a 

standard MCVD and solution doping technique. The solution is composed of 2g 

YbCl3⋅6H2O and 4g of AlCl4⋅6H2O  in 200cc methanol (purity : 99.9999%). This solution 

will provide around 2000 ppm of Yb ion concentration in an aluminosilicate host. The 

preform was further jacketed in order to increase the inner cladding size, for efficient pump 

coupling into the fiber from a highly multimode diode pump source, whilst maintaining 

single-mode core dimensions. The preform was milled to a D-shape in order to maintain a 

uniform pump absorption along the fiber. The preform was then drawn to a fiber (F750-

LF247) of inner-cladding diameter 370 µm and coated with a low-index polymer outer 

cladding (UV curable), which provides a nominal inner-cladding NA of 0.48. The fiber has 

a core diameter of 7 µm, with a depressed ring in the inner cladding of thickness 7 µm. The 

core and the depressed cladding index differences are effectively 0.003 and -0.002 

respectively, both with respect to the silica inner cladding. The fiber parameters match 

those of our modal calculations, described in the previous section. The small signal 

absorption at the pump wavelength, 975 nm, was ~0.3 dB/m. Figure 6-4 (a) shows core 

transmission spectra of this fiber, measured at different bend radii with a spectrally flat 

white light source. From this, the actual effective LP01 mode cut-off wavelength can be 

estimated at the wavelength where the loss in the fiber approaches 5 dB/m [82]. Figure 6-4 

(b) shows the resulting cut-off wavelengths. It becomes 1157 nm for a straight 1 m long 

fiber. This value is slightly different from our calculation, which is attributed to 

imperfections in the refractive index profile and uncertainties in parameters. In general, 
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though, the fabricated fiber matched well with the expected LP01 mode cut-off 

characteristics and, with additional bending, the cut-off wavelength can be shifted further 

to shorter wavelengths, between the signal and Stokes wavelengths. However it is 

emphasized that it is really the loss spectrum rather than the cut-off wavelength that is of 

interest. Figure 6-4 (a) shows that when the fiber is coiled to a radius of 7 cm, the bend-

loss at 1060 nm remains small while it becomes 5 dB/m at 1114 nm.  

  

 

6-2-2. Picosecond pulse, Yb:Al-doped, W-type fiber MOPA 

The W-type fiber was incorporated into a pulsed MOPA system (Figure 6-5). Its 

peak output power would be sufficient to reach the SRS threshold, for low losses at the 

Raman Stokes wavelength. A 1060 nm fiber pigtailed Fabry Perot laser diode was used as 

a seed source. It was gain-switched at 32 MHz repetition rate and generated pulses of 103 

ps duration. The average output power was 0.5 mW. The diode was first amplified to 3 W 

average power through three cascaded YDFAs. After transmission through a free-space 

isolator with 1.5 dB of insertion loss, the signal was free-space coupled into the final high-

Figure 6-4. (a) White light transmission spectra for different bend radii of the 
fabricated fiber measured with a tungsten-halogen lamp. Fiber length 1 m, 
spectral resolution 1 nm. Inset: back-lit image of our W-type fiber. (b) LP01 
mode cut-off vs. bend radius. 
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power amplifier stage. It was made with a 23 m long piece of the W-type Yb-doped fiber, 

cladding-pumped in a co-propagating configuration by a diode stack at 975 nm. The Yb-

doped W-type fiber, used only in the final amplifier, was angle-polished at both ends. 

 

 

Figure 6-6 shows the average output power of the amplifier at different final-stage 

pump powers for fiber bending radii of 15 and 5 cm, at a constant signal input power. 

When the fiber was coiled to a 15 cm bending radius, the overall efficiency was 53% with 

respect to the absorbed pump power, while for a bending radius of 5 cm, the efficiency 

increased to 80%. For a 15 cm bending radius, a roll-over in the output is observed at 40 W 

of absorbed pump power, which indicates that the power has been transferred from the 

1060 nm signal to the Raman Stokes beam. By contrast, when the fiber was coiled to a 

bending radius of 5 cm, the average output power increased linearly with the absorbed 

pump power. There was no roll-over, and the output power was limited by the available 

pump power.  

Isolator 
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Figure 6-5. Experimental MOPA set-up. HR: high reflectivity, HT: high 
transmission 
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Figure 6-7 shows optical output spectra measured at different pump powers. For a 

15 cm bend radius, the Raman Stokes becomes significant for 66 W even less of absorbed 

pump power. In this case, although the induced loss by the fundamental mode cut-off at 

1114 nm was ~2.5 dB/m, estimated from figure 6-4(a), the suppression of SRS was not 

enough. By contrast, no power has been observed in the Raman Stokes for a bending 

radius of 5 cm, even at the maximum pump power. This is because of the higher loss at 

1114 nm. 

Figure 6-6. Output power characteristics of the MOPA system at different 
bending radii. 
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Figure 6-7. Optical output spectra of the MOPA system. (a) bending radius 15cm, (b) 
bending radius 5cm. OSA resolution 1 nm. 
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Figure 6-8 shows the fractions of the total power in the signal at 1060 nm, the Yb 

ASE, and the Raman Stokes beam, respectively. In order to see the fraction of each power 

component, the output spectra in figures 6-7(a) and 6-7(b), on a linear scale, were fitted by 

four Gaussian shaped function. Their center wavelengths, peak heights and widths were 

found through a least-square fitting procedure for each spectrum. Good fits were obtained. 

The integrated power, in the different peaks were calculated, and attributed to the signal 

(1060 nm peak), Yb ASE (1050 nm, 1070 nm peaks) and 1st order Raman Stokes (1114 nm 

peak). The fiber with the bending radius of 15 cm suffered significantly from energy 

transfer to both Yb ASE at the longer wavelength (~1070 nm) and the Raman Stokes at 

1114 nm. It can be seen from figure 6-8(a) that only 48% of the total power is at 1060 nm 

at the maximum pump power. On the other hand, when the fiber was coiled to 5 cm 

bending radius, the signal power increases linearly with respect to the pump power and 

81% of the total power remains at 1060 nm at the maximum pump power, which 

corresponds to a peak power of 13 kW. Interestingly, the spectral filtering induced by the 

bending is sharp enough to also suppress ASE. This is important, since in this regime with 

our pulse parameters the dominant loss mechanism is ASE, according to figure 6-8 (a). It is 

noted that ASE is bi-directional, with most power normally emitted towards the pump 

launch, i.e., signal input end of the fiber. Here, the backward-propagating power was not 

monitered, but this could explain the reduction in forward output power seen in figure 6-6 

with the 15 cm bend radius. In this case, however, SRS as well as ASE from the earlier 

amplifier stages would enhance the ASE in the forward direction, but not in the backward 

direction. Thus, the influence of the backward ASE remains uncertain. Finally, it is pointed 

out that at higher peak powers, SRS rather than ASE would become the dominant loss 

mechanism, but they can both be mitigated significantly using a W-type core structure with 

a fundamental mode cut-off.  
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Figure 6-8. The ratio of the signal, the Yb ASE and the Raman Stokes power over the 
total output power  in the forward direction and the corresponding signal peak power at 
1060 nm. (a) bending radius 15 cm, (b) bending radius 5 cm. 
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6-2-3. Nanosecond pulse Yb:Al-doped, W-type fiber, MOPA 

Using the same W-type fiber used in the previous section, the suppression of SRS 

in nano-second pulse fiber MOPA was experimentally investigated. Figure 6-9 shows the 

experimental setup for fiber MOPA of nanosecond pulses. As a master oscillator, the semi-

conductor diode source was used, which provided 20 nsec pulse width and 100 mW 

average output power at 100 kHz. This signal was directly free-space coupled into the Yb-

doped W-type fiber for SRS suppression after a free-space isolator with 1.5 dB of insertion 

loss. A 23 m long piece of the W-type Yb-doped fiber, cladding-pumped in a co-

propagating configuration by a diode stack at 975 nm, was used in the same manner used 

in the previous section. The Yb-doped W-type fiber was also angle-polished at both ends.  

 

 

 Figure 6-10 presents the signal spectrum from the master oscillator used in this 

MOPA system. The spectral width is relatively broad, which might cause a significant 

spectral broadening after the final amplifier stage. However, here, the only interest is in the 

SRS suppression in W-type fiber. Therefore, for simplicity, this signal was just used 

without any ASE filter in this configuration.  
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Figure 6-9. Experimental MOPA set-up for nanosecond pulses. HR: high 
reflectivity, HT: high transmission 
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Figure 6-11 shows the output characteristics of such a MOPA system. Here, tow 

fibers are used. One is with the fundamental mode cut-off at ~1080 nm and the other is 

with the fundamental mode cut-off at ~2000 nm, which referred as without the 

fundamental mode cut-off in figure 6-11. With respect to the absorbed pump power, the 

slope efficiency was 79% when the fundamental mode cut-off is 1080 nm. In the case of 

the fiber without the fundamental mode cut-off, there was no roll-over in the output 

characteristic as well due to transfer of energy in 1st order Raman stokes, as shown in the 

amplification of pico-second pulses and the slope efficiency was also 73% with respect to 

the absorbed pump power, which is not so different. This is because the total power of the 

output beam was measured and the ASE portion of the output beam, whose contribution to 

SRS is relatively trivial, is significant in this MOPA set-up. However, in the analysis of the 

spectral purity analysis of the output beam, the SRS suppression in W-type fiber with the 

fundamental mode cut-off, was clearly observed.  

Figure 6-10. The spectrum of the signal source used in nanosecond pulse 
amplification in Yb-doped W-type fiber.  
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Figure 6-12 shows spectra of output beams at 10 W and 50W of pump power. Here, 

at 10 W of the launched pump power, the 1st order Raman Stokes was shown in the fiber 

without the fundamental mode cut-off. At 50 W of pump power, most of the power was 

transferred to the Stokes wave in this fiber.  

 

On the other hand, in fiber with fundamental mode cut-off, Raman Stokes does not 
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Figure 6-11. Output power characteristics of the MOPA system for nano-
second pulse.  
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Figure 6-12. Output spectra of nanosecond pulse fiber amplifier at (a) 10 W pump 
power and (b) 50 W pump power (Res. 1 nm). 
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appear. Even at 50 W of pump power, the SRS was not observed in the output beam.  

On a linear scale, the output spectra at 50 W pump power, were fitted by a three 

and four Gaussian shaped functions with and without fundamental mode cut-off fibers 

respectively in order to see the fraction of the power component, as shown in figure 6-13. 

Their center wavelengths, peak heights and widths were found through a least-squares 

fitting procedure for each spectrum and each peak was attributed to the signal (1060 nm 

peak), Yb ASE (1050 nm, 1070 nm peaks) and 1st and 2nd order Raman Stokes (1114 nm 

and 1160 nm peak). In the case of the fiber with the fundamental mode cut-off, the signal 

portion in the output beam was 50%, where the spectral broadening due to the spectral 

phase modulation (SPM) (dot circle in figure 6-13 (a)) was shown to be significant. The 

other portions were ASE at 1050 nm and 1080 nm. There was no Raman Stokes. Here, the 

maximum output beam power was 8.8 kW, which is lower than before due to the loss by 

ASE. Contrary to this, in the fiber without the fundamental mode cut-off, the power was 

completely transferred to Raman Stokes and the signal (1060 nm) portion was less than 

0.1 %. This clearly demonstrate that SRS was suppressed in a nanosecond pulse, high 

power, Yb-doped fiber MOPA system using a W-type fiber with the proper control of the 

fundamental (LP01) mode cut-off.  
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Figure 6-13. Output power characteristics of the MOPA system for nano-second 
pulse at 50 W pump power. (a) The fundamental mode cut-off at 1080 nm; SPM : 
Spectral phase modulation (b) Without the fundamental mode cut-off 
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6-3. CW characteristics of the Yb:Al-doped W-type fiber   
 

For CW, high power, Yb-doped, single-mode fiber sources, a single-mode core is 

preferred for a robust waveguide. In order to do this, SRS should be suppressed for power-

scaling to kW levels in such a single mode core [58]. In the previous sections, the SRS 

suppression was demonstrated in a pulsed MOPA system using W-type, Yb-doped fiber 

with the fundamental mode cut-off. Such a fiber was also employed in a CW configuration 

to demonstrate SRS suppression. Figure 6-14 shows the experimental setup for CW laser 

generation. Here, the Yb-doped W-type fiber was cladding pumped by a 975 nm diode 

stack source through a combination of collimating lenses. The maximum pump power 

launched into the fiber was 472 W. A simple laser cavity was formed between 

perpendicularly polished end facets of the fiber, providing 4% Fresnel reflection, and a 

lens coupled 100% dichroic mirror with a high broadband reflection from 1030 to 1150nm. 

A 37 m length of the fiber length was used, which is longer than that used in the pulsed 

MOPA configuration, in order to increase the Raman gain in the CW system.  

 

Figure 6-15 shows the laser output characteristics. The output power reached 314 

W with a slope efficiency of 65% with respect to the absorbed pump power at 1077 nm. 

Based on the Raman threshold calculation, using the equation from the reference [73], the 

Raman oscillation threshold of a fiber with such a core size (~ 7 µm core diameter) is 

Pump  
@ 975 nm 

W-type Yb-doped fiber (37 m) 

Laser output 

Residual pump 

Dichroic mirror 
HT: 975 nm 

HR: 1030 – 1150 nm 

Dichroic mirror 
HT: 975 nm 

HR: 1030 - 1150 nm 
 

Figure 6-14. Experimental setup. HR: high reflectivity, HT: high transmission. 

Perp. polished fiber ends 
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around 140 W. However, the Yb-doped, W-type fiber with the fundamental (LP01) mode 

cut-off at ~1100 nm helped in Raman suppression in a small core fiber. There is no roll-off 

due to SRS when the output power reached 314 W.  

 

  It was observed in figure 6-4 (a) that there is a large loss (leakage) of ~5dB/m, for 

light generated in the core at the 1st order Stokes wavelength (1120 nm). With an effective 

area of 75 µm2 when core diameter is 7 µm at 1077 nm, this indicates that loss at 1st order 

Stokes leakage exceeds the Raman gain at 1120 nm when the signal power at 1077 nm 

reaches 1.2 kW. This is quite close to the CW damage threshold [122]. In this experiment, 

even though the output power (314 W) is high enough to generate SRS in a similar step 

index core fiber [13], the suppression of SRS in W-type fiber was possible because of the 

proper selection of LP01 mode cut-off. The relatively low slope efficiency is due to high 

background loss caused by the long length of the fiber. When a 23 m long fiber (bending 

radius : 15 cm) was used, the slope efficiency was 74% with respect to the absorbed pump 

power and over 300 W of output power at 1077 nm was obtained (figure 6-15 (b)).  
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The laser wavelength can be tuned to shorter wavelengths, as shown in figure 6-16, 

by bending the fiber. When the bending radius was changed from 15 cm to 5 cm, the 

central wavelength moved from 1077 nm to 1058 nm. In this case, the slope efficiency was 

73.7% with respect to the absorbed pump power (figure 6-16).  

 

 

6-4. Summary  
 
 

In this chapter, the ASE and SRS suppression in a pulsed high power, Yb-doped, 

single-mode fiber MOPA system was experimentally demonstrated using a W-type fiber 

with fundamental (LP01) mode cut-off. A combination of LP01 mode cut-off in W-type 

fiber and additional bending in the fiber can create a significant loss in Stokes wavelength. 

This suppressed the build-up of the Stokes wave and even the ASE quite close to the signal 
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wavelength (1060 nm). SRS suppressing W-type fiber used in the final amplifier stage 

provided 53 W of average output power with 103 ps pulse width at 32 MHz repetition rate 

was generated, which corresponds to 13 kW peak power. There was no power at the 

Raman Stokes wavelength in the output beam. Moreover, Yb ASE at longer wavelength (~ 

1080 nm) was also significantly reduced. By contrast, when the fiber was bent with 15 cm 

bending radius, the loss at the Raman Stokes wavelength was not enough to suppress both 

SRS and Yb ASE, and the peak power dropped to only 5.4 kW. Furthermore, in a ns pulse, 

Yb:Al-doped fiber MOPA system, the suppression of SRS was also experimentally 

verified. Here, the maximum peak power was 8.8 kW at 100 kHz repetition rate and 20 

nsec pulse width. The output was limited by the Yb-ASE at the shorter wavelength (~1030 

nm). The efficiency of this power amplifier was 79% with respect to the absorbed pump 

power.  

In a CW configuration, using a small-core Yb-doped fiber laser,  a 314 W output 

power with 65% slope efficiency with respect to the absorbed pump power with a true 

single mode output was also demonstrated using W-type fiber. The output power was only 

limited by the available pump power. The SRS in the W-type fiber was suppressed 

efficiently even though a small core (7 µm core diameter) and long length (37 m) of the 

fiber used here.  

This result shows that it is indeed possible to suppress the SRS, which is the main 

obstacle for power-scaling in a high-power fiber system. This can be obtained by using the 

bending loss created by the fundamental mode cut-off. Therefore, it shows the prospects to 

scale up the output power in a single mode core fiber to multi kW level in both CW and 

pulsed fiber based system. Furthermore, the use of a small core fiber, readily compatible 

with existing fiber technology, would allow for a compactly packaged, all-fiber high power 

source.  
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Chapter 7. Conclusion and future prospects 
 
 

In this thesis, the study on the fiber design and fabrication for high power three 

level fiber lasers and amplifiers was presented. In recent years, the output power at ~1 µm 

using YDFL was significantly increased via the cladding-pump technology and competes 

with bulk-type solid-state lasers in many applications such as material processing. 

However, various applications require lasers operating at different wavelengths and their 

power-scaling using the cladding-pump configuration and the realization are still 

challenging. To overcome this challenge, a novel fiber structure is required at some points.  

Rare-earth doped fibers have multiple emission bands but, in practice, it is not 

possible to obtain the laser output at all emission bands. In order to realize a laser output at 

a specific desired wavelength, the other competing unwanted stimulated emissions need to 

be suppressed. The unwanted stimulated emission can build up to a significant power level 

and prevents laser emission at the desired wavelengths. Although the gain can reach a level 

which is enough to cause lasing, the simultaneous significant emission at the undesired 

wavelengths such as ASE and SRS, degrades the gain and efficiency at the wanted 

wavelength. This is particularly relevant in the cladding-pumping configuration due to the 

relatively low pump absorption, which requires a long device length. Therefore, a 

wavelength-selective filter is used  to suppress unwanted emissions. In particular, the 

distributed wavelength fiber waveguide filter should be used, rather than the free-space 

external filter, because the gain in the fiber is distributed along the fiber and the filtering of 

the unwanted gain should take place along the fiber. For this, I proposed the step hollow 

optical fiber (HOF) (chapter 3) and depressed clad hollow optical fiber (DCHOF) (chapter 

4 and chapter 5).  
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As a fiber filter, W-type fiber, with the fundamental (LP01) mode cut-off, is widely 

used. For the cladding-pumped Nd3+-doped aluminosilicate fiber laser operating at 930 nm, 

a W-type fiber structure was used. It shows efficient operation of the single mode NDFL at 

930 nm. However, W-type fiber is difficult to scale to large core areas because the 

fundamental mode cut-off cannot be set at the proper wavelength maintaining a large core 

area. In order to maintain the cut-off wavelength between 930 and 1060 nm as the core size 

is increased, the numerical aperture (NA) must be reduced. Unfortunately, this makes the 

cut-off less distinct. A large core area allows more extractable energy in the pulsed system, 

low fiber nonlinearities, and a large threshold for optical damage. Therefore, the hollow 

fiber structure was suggested in this thesis. I theoretically and experimentally demonstrated 

the HOF as the distributed fiber waveguide filter. In chapter 3, I initially presented the 

modal characteristic of step HOF and have shown the laser output characteristic of Er:Yb 

co-doped step HOF. Later, I modified the refractive index structure of step HOF and 

suggested the DCHOF in order to obtain sharp fundamental mode cut-off over the step 

HOF. In chapter 4, I theoretically analyzed modal properties of the DCHOF. Based on this 

analysis, I demonstrated a single-mode, Nd:Al-doped DCHOF, operating at 930 nm and 

through Q-switched pulsed configuration. The larger core area in the DCHOF contrary to 

W-type fiber, made it possible to extract a much higher pulse energy at 930 nm from 

Nd:Al-doped DCHOF. In chapter 5, using the Yb:Al-doped DCHOF, I experimentally 

demonstrated the operation at 980 nm. I carried out a more specific analysis of DHOCF in 

terms of the fundamental mode cut-off and induced bending loss.  

In chapter 6, I utilised the W-type fiber waveguide filter with a single mode core in 

high power fiber systems. Particularly, it might be used in CW and pulsed fiber systems in 

order to achieve a robust single-mode output for practical use. For this, the suppression of 

the stimulated Raman scattering (SRS) is essential. I theoretically and experimentally 
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demonstrated the suppression of the stimulated Raman scattering (SRS) in a high power 

Yb:Al-doped MOPA system using the W-type fiber with the fundamental mode cut-off. 

The high induced loss, caused by the fundamental mode cut-off, reduced the Raman gain at 

the Stokes wave. Because of that, it prohibited power transition from the desired signal to 

its Stokes wave. It opens up the possibility of power-scaling up to kW levels in a small and 

single-mode core, which is an obvious choice for generation of the robust single-mode 

output.  

 

7-1. Summary of the contribution 

The summary of the results I achieved is presented in this section.  

 

- Step hollow optical fibers : Chapter 3 presented the feasibility of step HOF for 

high power fiber sources. The step HOF consists of the ring-core around the air 

hole in the center. It has the fundamental mode cut-off at a finite wavelength 

due to the negative dielectric volume provided by the air hole. It thus acts as a 

distributed fiber waveguide filter. However, its fundamental mode cut-off 

sharpness is not good enough to suppress unwanted stimulated emission 

because of the slow dependency of effective indices on wavelength. It provides 

the large bending loss at a broad wavelength range near the fundamental mode 

cut-off. In spite of this, the ring-core structure of the step HOF provides the 

relatively large ratio of core and cladding, which can improve the pump 

absorption in the cladding pumping configuration. An Er:Yb-doped step HOF 

laser was first demonstrated. The maximum output power was 2.5 W at 1544 

nm when the pump power of 12.6 W was launched. The slope efficiency was 

26% with respect to the launched pump power. These efficiency was highly 
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dependent on the core thickness, which also determines the fundamental mode 

cut-off wavelength. In the small core thickness regime, the efficiency at 1550 

nm was quite low (~ 8% w.r.t the launched pump power for a 125 µm inner 

cladding fiber) and Yb co-lasing at 1060 nm became significant because of the 

low gain at the Er emission band. This was due to the induced loss at 1550 nm 

and low signal modal overlap factor near the fundamental mode cut-off 

wavelength. Otherwise, in the large core thickness, the efficiency was improved 

(η=29% w.r.t the absorbed pump power at 250 µm outer cladding diameter 

fiber ). Contrary to the improved efficiency, the large hole and step core HOF 

degrades the beam quality (M2 value = 5.2) because the higher order mode can 

easily be excited in the large hole and large core fiber. Otherwise, in the small 

core fiber, the beam quality factor was improved (M2 value for 125 µm inner 

cladding fiber = 1.5 and M2 value for 150 µm inner cladding fiber = 2.4). In this 

experiment, the operation at the shorter wavelength (<1530 nm) was not 

realized because the Yb gain reached a high enough level to lase before Er gain 

at a shorter wavelength did. For the operation of the shorter wavelength (S-

band) in Er3+-doped fiber, Yb gain should be suppressed if Er:Yb-doped fiber is 

used. In order to avoid this, the pure erbium doped fiber is a better choice 

because no suppression of the Yb-gain at the shorter wavelength is required.  

- Nd:Al-doped depressed clad hollow optical fiber : The DCHOF consists of 

an air hole at the center of the fiber, a ring-shaped core  surrounding the central 

air hole, a depressed refractive index of first cladding and a second cladding. In 

the first section, the modal characteristics and bending loss properties of the 

DCHOF were investigated. Based on these results, the fiber was designed for 

the laser operation at 930 nm in Nd:Al-doped DCHOF and it was demonstrated 



 

-179- 

experimentally. It provided the maximum output power of 3.3 W with the 41% 

slope efficiency with respect to the launched pump power. The laser was 

tunable from 917 nm to 936 nm. The beam quality factor was M2 value of 1.05 

when the hole at the fiber output end was collapsed. Although aluminosilicate 

host enhances the solubility limit of Nd-ions, but at the same time, favours 1060 

nm emission. However, this showed the efficient suppression of the stimulated 

emission at 1060 nm. It produced similar results as with the Nd:Al-doped W-

type fiber presented in reference [8]. However, in the Q-switched configuration, 

the DCHOF generated a much higher energy than the W-type fiber. This is due 

to the large core area of the DCHOF. Nd:Al-doped DCHOF produced 133 µJ 

pulse energy at 5 kHz repetition rate. The pulse width was 172 ns and the 

average output power was 647 mW. This corresponds to ~750 W of peak power. 

Then, using the Q-switched Nd:Al-doped DCHOF sources, the blue light was 

generated by frequency doubling. The average output power of the beam at 927 

nm was 902 mW at a 5 kHz repetition rate and the pulse energy was 176 µJ, 

where the pulse width was 140 ns. The corresponding peak power was 1.3 kW.  

The SHG crystal used for this was bismuth borate (BiB3O6). The maximum 

blue power was 50 mW at 463.5 nm. The conversion efficiency of the crystal 

was 10.8%, which was low due to the un-polarized characteristic of the output 

beam, at 927 nm, from the DCHOF. However, through a simple frequency 

doubling process, the relatively high blue power was achieved due to the high 

peak power of the laser output at 927 nm. This shows the possibility of the 

power-scaling of the blue. In reference [24], the elliptical HOF provided high 

birefringence due to the large refractive index difference between air hole and 
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core. It will be useful for polarization-maintaining fiber. Thus, for the second 

harmonic high conversion efficiency, the elliptical DCHOF can be considered. 

- Yb:Al-doped depressed clad hollow optical fiber : In chapter 5, the DCHOF 

structure was used for generating high power 980 nm laser sources in Yb:Al-

doped DCHOF. It is much more challenging to generate 980 nm fiber souces 

because of the very high GSA in Yb3+-doped fibers at 980 nm. In order to 

overcome the GSA, the very high pump absorption is required. Furthermore, 

the wavelength space between 980 nm and ~1030 nm, where it should be 

suppressed, is too narrow to be sharply separated. Eventually, the induced 

bending loss affects the 980 nm loss. In order to solve this, more sophisticated 

fiber control is required. In this chapter, the bending loss effect on 980 nm, 

depending on the fiber parameter, were presented and then using a Yb:Al-doped 

DCHOFs, the 980 nm operation was demonstrated. The inner cladding diameter 

was 120 µm. It provided 3.1 W output power with an M2 value of 1.09. The 

slope efficiency was 34% with respect to the launched pump power. In order to 

scale up the output power by reducing the laser threshold, the relatively small 

inner cladding (90 µm and 80 µm diameter) Yb:Al-doped DCHOFs was used. 

They have nearly the same core structure as the 120 µm inner cladding diameter 

fiber. The output power was increased to 7.5 W for 90 µm and 9.2 W for 80 µm 

because of the reduction of the laser threshold. However, the beam quality was 

significantly degraded due to the cladding mode lasing. The power leaked out 

from the core to the inner cladding by relatively high bending loss. Because of 

that, the significant power in the inner cladding causes lasing at 980 nm. In 

particular, this cladding mode lasing became significant in the small inner 

cladding fiber due to the relatively large intensity and the large overlap with the 
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Yb-doped core of the cladding modes. Therefore, in order to increase the output 

power at 980 nm, whilst maintaining a single-mode beam quality, the 

suppression of higher order modes is required. For this, much more distinct cut-

off filtering is essential. Alternatively, by using absorbers such as erbium in the 

inner cladding, the power of cladding modes can be reduced.  

- Suppression of stimulated Raman scattering using W-type fiber structure : 

In chapter 6, I experimentally demonstrated SRS suppression in a pulsed high 

power, Yb-doped single-mode fiber MOPA system using a W-type fiber with 

the fundamental mode cut-off with a small core. The cut-off filtering induces 

the loss at the unwanted Raman stokes wave in high power fiber systems and 

thus increases the Raman threshold. The power from the signal to Stokes waves 

is not transferred. It is quite useful to scale up the output power in a small and 

single-mode core. In practice, for a robust generation of the single mode output, 

the single mode core is an obvious choice. W-type fiber is useful for that 

because it has a single mode core and the fundamental mode cut-off. In 

picosecond pulse (103 ps pulses at 32 MHz repetition rate) amplification, 13 

kW peak power was achieved without of any sign of the SRS. However, 

without SRS suppression, the maximum peak power achieved was only 5.4 kW. 

The loss at the Stokes wave was controlled by bending W-type fiber, which 

effectively shifted the fundamental mode cut-off wavelength. In nanosecond 

pulse (20 nsec pulses width at 100 kHz repetition rate) amplification, the W-

type fiber was also tested. When SRS was suppressed by the induced loss at the 

Stokes wavelengh due to the fundamental mode cut-off, the maximum peak 

power was 8.8 kW. Otherwise, for the fiber without the fundamental mode cut-

off at the Stokes wavelength, most of power was transferred to Raman Stokes. 
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In addition, the Yb-doped W-type fiber provided 314 W cw output power 

without any roll-off in the output due to the Raman effect. Although the W-type 

fiber could not reach the peak power that has been achieved from a large core 

and low NA fiber, it has shown the practical advantage of the robust single-

mode output that results from the use of a strictly single-mode core. It looks 

promising for scaling up the output power of both CW and pulsed fiber sources 

while maintaining a robust single mode output beam.  

 

7-2 Future prospects 

 

There are issues to improve the performances of fiber lasers presented in this thesis and 

also further scientific investigations are required. These are summarized below 

 

- Refractive index control of HOF in the fabrication process : The 

fundamental mode cut-off is sensitive to the core thickness and NA. A small 

change of the fiber structure causes a significant shift of the fundamental mode 

cut-off wavelength. Sophisticated control of these prameters is required to 

obtain better control of the cut-off. Moreover, in the DCHOF, the higher order 

mode can be easily excited depending on the hole size. In order to make sure of 

a single-mode operation, the careful control of the hole size is required. In 

general, the hole size is varied at the preform collapsing stage in the MCVD 

process as well as during the fiber drawing stage. In the MCVD stage, the 

internal tube pressure should be carefully controlled during the collapsing stage. 

In the drawing process, the temperature and the pulling speed should be 

controlled carefully in order to obtain the right hole size in the fiber. 
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- The development of the polarization maintained DCHOF : The Nd:Al-

doped DCHOF provided high pulse energy and peak power at 927 nm, which is 

quite useful for blue light generation (463.6 nm) by frequency doubling. 

However, its output beam is un-polarized light, which degrades the conversion 

efficiency. Therefore, the polarization-maintained DCHOF is required. For this, 

the elliptical DCHOF can be considered. The large index difference between 

the air hole and core will help to create the large birefringence. Furthermore, 

their fabrication process is very different to other polarization maintaining 

fibers such as PANDA [97] or bow-tie fiber [98]. In addition, the polarization-

maintaining DCHOF may enhance the amplification of sophisticated 

waveforms such as picoseond and femtosecond pulses.  

- SRS suppression using DCHOF : In this thesis, for SRS suppression, the W-

type fiber was used. However, the scaling of their core area in W-type fiber is 

limited, as mentioned in chapter 4. In many practical applications, the large 

core is necessary, while maintaining the fundamental mode cut-off 

characteristic and single mode guiding at the desired wavelength. One option is 

to use DCHOF. DCHOF has a similar (or better) cut-off characteristic and can 

provide a 4~5 times larger core area than the W-type fiber, depending on the 

hole size. It allows more extractable energy and peak power without SRS and 

can also generate a single mode output in a robust way.  

- Yb-doped Modified DCHOF for 980 nm laser output : In chapter 5, the 

problem for power-scaling of Yb-doped DCHOF at 980 nm is the cladding 

mode lasing. In order to avoid this, a much sharper fundamental mode cut-off is 

required to reduce the bending loss at 980 nm. In addition, the cladding mode 

lasing can be generated due to the relatively high gain at 980 nm in Yb-doped 
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fibers, even though their overlap with the doped core is small. Therefore, it is 

necessary to suppress the gain of the cladding mode actively. To suppress the 

980 nm cladding modes, the absorber (eg. erbium or samarium) for 980 nm 

could be employed in the inner cladding.  
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