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Hollow optical fibers and W-type fibers for high power laser sources and Supgssion
of the stimulated Raman scattering
By Jae Sun Kim

In this thesis, theoretical and experimental swidi@ hollow optical fibers (HOFs) and
depressed clad hollow optical fibers (DCHOFs) ftadding-pumped high power fiber laser
sources, operating at a wavelength range 900 — dad)@re reported. In addition, the suppression
of the stimulated Raman scattering (SRS) in a eingbde high power fiber-based master
oscillator power amplifier (MOPA) source, using W YB'*-doped fiber, is also studied.

The HOF consists of a ring-shaped core aroundraimoée in the center and a silica cladding.
Such a fiber geometry can provide a relatively hfmimp absorption in the cladding- pump
configuration due to the relatively large-ratiotlo¢ core and the cladding as compared to solid core
fiber. Moreover, the core structure of HOF produaeasegative dielectric volume due to the low
refractive index of the air in the centre of thieefi. It provides a fundamental mode cut-off in a
finite wavelength, which makes the fiber act asigtributed wavelength filter and it is thus
possible to suppress the undesired emission alotiger wavelength in the fiber itself. The
Er:Yb* co-doped aluminosilicate HOF structure was ingeséd numerically and
experimentally. It provided 2.5 W output power with% slope efficiency with respect to the
launched pump power.

In order to realize a more efficient three (or auasee)-level fiber laser operating at shorter-
wavelengths, the DCHOF was designed, which hagdditianal depressed clad around the ring-
core. Its modal characteristics were investigatedugh a numerical method. The performance of
the DCHOF with other filtering fibers such as HGIr&l W-type fibers, was also investigated. Next,
the Nd*-doped aluminosilicate DCHOF at 930 nm was dematesd; which generated CW output
power of 3.3 W with 41% slope efficiency with respéo the launched pump power whilst
maintaining a diffraction limited beam quality {Malue = 1.04). Moreover, a Q-switched*Nd
doped aluminosilicate DCHOF laser provided the éftpulse energy 138) at 5 kHz repetition
rate at 927 nm.

Yb**-doped alumino-silicate DCHOF was also studied rtézally and experimentally for
efficient 980 nm laser operation. It generated\W. butput power with 34% slope efficiency with
respect to the launched pump power. The beam gdattor was 1.09. The power was scaled up
to 7.5 W with 49% slope efficiency with respectite launched pump power, but the beam quality
factor was degraded (Walue = 2.7). In addition, a high power *loped alumino-silicate
DCHOF operating at 1040 nm with a high slope edficy (81% wrt the absorbed pump power)
was also demonstrated.

The suppression of the stimulated Raman scatté8RE) in a small and single-mode core
becomes an issue when considering the power scafiagfiber laser. Here a W-type fiber was
designed for SRS suppression with the fundamemntdencut-off set, by design, between the signal
and the 1st order Raman Stokes wavelengths. SR8esgion was demonstrated in a high peak
power fiber MOPA source with a single-mode outfite maximum peak power achieved was 13
kW with a small, and single-mode, core fiber withany evidence of SRS occurring.
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Chapter 1. Introduction

1-1. Motivation for research

Rare-earth doped fibers based on silica materialge lbeen the subject of a
tremendous research effort over the past few decdde high power laser source
applications. The main advantage of using a shiwst is that it provides a low propagation
loss, high gain, large bandwidth and high chemétabbility [1-2]. In addition, a large
surface area to volume ratio in fiber ensures éseethermal management in a high power
fiber laser compared to the conventional bulk sstate lasers [3]. Furthermore, the beam
quality in a fiber laser can easily be tailoreddontrolling the refractive index profile of
the doped core.

For scaling up the output power of fiber lasers, ¢ctadding-pump technology [4-6],
using double-clad fibers, is the obvious choice arehables fiber lasers to reach output
power levels where they can compete with conveatitlk solid state lasers, in many
applications such as micro-machining, welding arademials processing. In practice, Vb
doped double-clad fibers lasers have produced roomiis wave (cw) kW output power
levels at ~1.1um, while maintaining a nearly diffraction-limitededm quality [4-6].
Moreover, in a pulsed regime, the average power peak power was significantly
increased by a combination of cladding-pump teabgwland a master oscillator power
amplifier (MOPA) configuration [10, 70]. Howevehd relatively low pump absorption in
double clad fibers, compared to the core-pumpingigoration, and the competition with
the unwanted stimulated emissions still remains hallenge for such a technique.
Specifically, the realisation of a laser and an kfiepoperating at 930 nm based on¥td

doped fiber and 980 nm for a laser based ofi™dbped fiber requires improvements in



fiber design. Furthermore, the robust generatiom aliffraction-limited beam quality in
high power fiber based sources is still challenging to fiber core area. The small core
fiber causes nonlinearities e.g. stimulated Rancattering (SRS) and stimulated Brillouin
scattering (SBS) etc significantly, which prohibftgther power-scaling. The research
described in this thesis was targeted towards #weldpment of a fiber waveguide
structure suitable for generating high power, gfgbde output fiber sources at various
wavelengths.

In general, laser amplification in rare-earth dofibdrs occurs at a strong emission
band with a high transition strength, while at datieely weak emission band, the
stimulated emission is suppressed due to the redaeerted population of ions. In order
that the laser can be operated at the weaker emibsind in the fiber, the suppression of
the undesired stimulated emission is required. this, the bulk-type filter can be used
externally [7]. However, in some cases, it is inefive because the amplified stimulated
emission at the unwanted wavelength can be gedeaatd can consume a large portion of
the inverted population in the fiber itself, if thgain is high enough at the unwanted
emission wavelength. On the other hand, the wadegspectral filter can reduce the gain
by preventing a build-up of the power at the unwdnivavelength, and thus it is more
attractive for the laser/amplification at the weakand. Moreover, it is then also possible
to make all fiber-based, compact devices.

Nd**-doped fiber and YB-doped fiber normally operate at the longer wavgtlen
(~1060 nm), where the emission cross section ishmaxger than the absorption cross
section. It shows a four (or quasi-four) level @dweristic, and in fact, very small portion
of the population inversion is enough for the laaewplification [8]. However, at the
shorter wavelength side, the absorption cross@eadit which the laser system becomes a

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



population inversion state (>50%). Therefore, for efficient cladding-pumped fiber laser
operation at the shorter wavelength, a large pubgorption is also one of the important
issues. Fortunately, most of the multi-mode (lovgliness) pump sources consisting of
laser diode stacks can reach the required powet (several or tens of watts) for such a
population inversion. However, the high couplinfjoe#ncy into the fiber should be also
considered.

Currently, in order to increase the coupling effr@y and pump absorption in a
cladding-pump configuration, a large inner claddemyd a large core are the obvious
choice. However, it is difficult for the waveguide have the required spectral filtering
characteristic in the large core because the fuedéahmode is guided in the fiber with a
normal step index structure at all wavelengths ewitha modal cut-off, even though a
numerical aperture (NA) is significantly reducedheTlow NA and large core fiber is still
useful for high power fiber lasers in terms of puafgsorption and fiber nonlinearity but it
is very challenging to use it for the suppressibrumwanted four-level emissions in a
three-level or shorter wavelength fiber lasers.

It is also a critical issue to generate a robusglsi mode output (a diffraction-
limited beam quality) from the cladding-pumped hpggwer fiber laser. In terms of single-
mode operation, a small and single-mode core fibpreferred. However, for such fibers,
fiber nonlinearities become an important issueviny high power (kW level), cw lasers,
or fiber-based master oscillator — power amplifOPA) sources, to scale up the average
output power in pulsed mode [10-12]. To date, nodshe high power fiber sources use a
large, low-NA, core and a relatively short fiberarder to mitigate nonlinear effects, such
as stimulated Raman scattering (SRS) [13]. Howegesingle-mode core fiber still
remains the obvious choice for high beam qualitypart IV, the suppression of SRS in a

waveguide filter will be discussed.



In order to address the requirements, as mentiabese, the optical fiber for the
high power fiber sources should have a relativatgér core, which definitely supports
only a single mode through the core. If requirégshiould reject any unwanted emission
including SRS, at a certain wavelength. For therfihg in the fiber, the waveguide should
have the fundamental (b mode cut-off in a finite wavelength. In orderdo that, the
average refractive index of the core area shouldebg than that of the silica cladding
(inner cladding), which means that the fiber hasegative dielectric volume [14]. In
addition, the core should be large and be singldarat the operating wavelength.

To achieve such characteristics a hollow structwhach consists of a ring-shaped
core around an air hole in the center, is conselérae low refractive index of the air hole
(nair = 1) produces the negative dielectric volume whadlows for a cut-off of the
fundamental (LB, mode, at the desired wavelength. The ring-shapeel can improve the
pump absorption, contrary to the normal step infdeer, due to the relatively large ratio of
core area and cladding area [15]. In this thesis, Hollow optical fiber (HOF) and the
depressed clad hollow optical fiber (DCHOF), wille bmainly discussed. Their
performance for fiber laser sources operating r&etlor 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 raimoée, a silica cladding and a
polymer coating as shown in figure 1-1. First ofumdamental mode) of guided modes in
HOF has a beam profile with zero central intengtych as a doughnut-shaped beam [16].
Such a beam is also called “dark hollow beam (DKBNMich has various applications in

optical physics, material and biological scienc@][1n addition, in the dark side of the
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hollow beam, atoms can experience a repulsive pateand then they can be confined
into the hole in a proper condition [18]. Therefates also used in atom guiding/funneling
and collimating [18-19] experiments. Because of thterest the electric field distribution
of the fundamental Lf mode in the HOF has already been studied and pitieab
potential in the hollow beam has been calculatectomic guiding [18].

Besides these, other applications of the HOF weopgsed. The light is guided
through the high index ring-core and so the guidlegtmodes can be easily converted to a
normal Gaussian mode without a significant loss)githe tapering and splicing technique
of the HOF [20]. This makes possible various agpions in optical communication
systems. A launching condition for multimode fileendwidth control in gigabit ethernet
[20], a mode converter for higher order mode disjper compensation [21], and a tunable
wavelength selective filter [22-23] were suggestaed also experimentally demonstrated.
In addition, the birefringence of the elliptical IHGand the availability for polarization

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

Silica cladding

Ring-core

Air hole

Figure 1-1. The schematic diagram of the HOF

The HOF structure is also used for the deliveryhgh energy-density beams,
which require different materials for guiding besauhe high energy beam can cause

damage to the silica, which is the main materidhafiber. For this, an other type of HOF
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was proposed. It is composed of metal layers sgchliaminum (Al) around the hollow
region. The hole can be filled with air, an ineasgor kept under vacuum [25]. In this case,
the guiding mechanism is different from a normaiag fiber because the refractive index
of the core (air or other gases) is much lower tihan of the cladding (metal). The light is
guided through the hollow core by power reflectmmBragg reflection at the single or
multi-metal layers [26-27]. Using this kind of HOFome research groups have
demonstrated the delivery of laser beams coverlmg wavelength range from the
ultraviolet (UV) to the infrared (IR) region [28-B0

All of these applications were for passive applama. Contrary to these, the HOF
can produce several useful modal characteristicadtve functions such as in laser and
amplifier applications. First of all, the relatiyelarge area of the ring-core, compared to
the normal step index fiber, is expected to inaede pump absorption in a cladding-
pump configuration. In 1997-1998, it was demonsttathat the ring-doping technique
showed a higher efficiency for three-level fibesdes than for the normal fiber [15, 31].
For the high pulse energy, the large gain volumehef ring doped region was more
attractive [31]. Here, the high energy pulses aeguided through the doped region but
via the air core in the center, which reduces therlap between the pulses and the gain
medium. And thus, the efficiency is degraded. Intcast, the HOF design forces light to
be guided through the ring-core, which means tantodal overlap between the light and
the gain medium will not be reduced and the gamsiehcy will be improved.

In 1998, P. Glas investigated a Xidioped hollow optical fiber laser [32]. However,
it was only for the requirement to generate the D&k hollow beam) in order to guide
atoms through the hole. In practice, the performaot the HOF itself for lasers and

amplifiers was not considered.



In 2003, P. R. Chaudhuri and K. Oh numerically stigated the modal
characteristics of the HOF [33]. According to tlsisidy, even though the core area is
relatively large, as mentioned before, single-magEneration at a laser-operating
wavelength is possible with an appropriate dedifreover, the very low refractive index
of the central air region results in the negatisdettric volume, and thus the HOF exhibits
non-zero fundamental (k) mode cut-off in the finite wavelength range, whis useful

for a waveguide filtering.

1-2-2.Waveguide spectral filters

Waveguide spectral filtering is widely used in opti communication systems.
Most filters are wavelength-division multiplexing/DM) fiber couplers. Basically, they
are based on tapered fiber techniques [99]. Theyaalao twin-core fiber spectral filters
[34] or anti-resonant spectral optical waveguidéers [35]. However, these devices
transmit only a limited spectral band, which sa@sfa certain coupling condition in a very
short length of fiber (<10 cm). This is not suiglbdr a cladding-pumped fiber laser. In
general, a relatively long length of the fiber équired for laser sources where the gain
medium is uniformly doped throughout the fiber cdreorder to filter out any unwanted
emission from the whole fiber, the waveguide s@ediitering should be acting over the
total fiber length in a distributed manner. Thiggis will cover the HOF as a distributed
wavelength, fiber waveguide, filter.

Several fibers were proposed for the distributed/elength filter. K. Morishita
(1989) suggested an optical fiber with differergpdirsive material between the core and
the cladding [36]. Here the effective index of tbere and the cladding can become
identical at a certain wavelength because of aewfft variation of the effective index

dependence on wavelength where, theoreticallygthgéed mode can be cut-off and even



the fundamental mode becomes cut-off. This featsirquite similar to the manner in
which the fundamental mode becomes cut-off in tlldFHHowever, the fiber filter using
the dispersive fiber is not practical because difScult to find dispersive materials for a
specific wavelength pass filter. Moreover, its faation is also not easy using a
conventional fiber fabrication system such as medifchemical vapour deposition
(MCVD) [2, 100].

The W-type fiber is a well-known wavelength fil{&7]. The W-type fiber consists
of a depressed cladding around the raised index aond a silica outer cladding. It was
originally intended for the dispersion shifted filj88]. Afterwards, M. Monerie (1982)
found that W-type fiber can act as a waveguiderfittue to the fundamental mode cut-off
[37]. In such a fiber, the effective index of theéided mode in the core can vary from the
refractive index of the core to that of depresséaddding. Therefore, at a certain
wavelength, the effective index of the mode carefeal to the refractive index of the
silica outer cladding, where the fundamental madallowed to be cut-off. In principle,
after the fundamental mode cut-off, the light i¢ goided by the core anymore. Contrary
to the dispersive fiber, such a W-type fiber isyets fabricate using the conventional
MCVD method and, also, the refractive index carcbetrolled precisely for the specific
wavelength of interest. Furthermore, it is more patible with a conventional single mode
fiber, which is widely used. However, its relatiyeimall core area can be a disadvantage
at higher power, and the large core is preferrethencladding-pumped fiber lasers and
amplifiers. Other types of fiber filters such asdaal-hole assisted fiber, designed by

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

1-2-3. Nd*- and Yb**-doped fibers operating at the shorter wavelength



In fiber lasers and amplifiers, the Ndon is one of the most important active ions
and is widely used as a dopant. Laser action df sucion in a glass material was first
demonstrated in 1961 [40]. Later, a*doped single mode silica fiber laser was first
realized by the Southampton group in 1985 [41]. @hergy levels of N ions are shown
in figure 1-2. Important energy transitions for tlaser and amplifier action afby, >
“Fs;» (800 nm), which is the typical pumping band fad Mns,*Fs,>%11, (1060 nm),

*F 35> 92 (900 nm) andFs,>*132 (1300 nm), where spontaneous emissions is observed
There have been extensive research studies onntiesien at each transition for high

power fiber sources.
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Figure 1-2. The energy diagram of Nibns

In particular, the energy transitiofFg,>"l11,, 1060 nm) was characterized as a
four-level laser transition and it is thus relalwveasy to realize the laser action due to the
low laser threshold and high gain efficiency. Sitbe cladding-pump technology was
invented, the output power of the Ndloped fiber laser has been increased remarkably.

Minelly et al. (1992) first demonstrated 1 W outpaiwer at the 1060 nm emission band
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using laser-diode pumping [42]. Po et al. (1993)iewed an output power level of 5W
with a 51% slope efficiency [43]. Recently, the mutt power at the 1060 nm emission
band reached 30 W [44]. Even higher output poweesaaly limited by the available
pump power. However, this spectral range can aésadvered by Y¥ ions, which are
more efficient than Nt ions in the silica host. Due to this, the reseanhNd*-doped
fiber lasers at 1060 nm is not of much interest.

Contrary to this, in the other spectral rantfe,~>*lg/> (900 nm) for Nd* ions, the
laser action is much more interesting because aughvelength can be converted to blue
light (~ 450 nm), for displays or data storagefigguency doubling [45-46] and also used
for a fiber sensor such as for water vapour senginy However, it is very challenging to
design the fiber especially for power scaling usegcladding-pumped configuration
because the three-level fiber laser requires migteh pump intensity in order to obtain a
high level of population inversion and to overcogreund-state absorption (GSA). Also
the four-level laser transition at 1060 nm, witlow threshold, competes with the 900 nm
emission transition.

In such spectral ranges in Nd-doped fibers, Reekad. (1987) first demonstrated a
fiber laser at 938 nm, for which the output powesswonly 3 mW with 31% slope
efficiency [48]. Cook et al (1998) presented arpatipower of 43 mW at 925 nm and this
was tunable from 896 nm-939.5 nm [49]. These previesults were demonstrated in a
core-pumped laser configuration. However, such mfigoration is not power-scalable
because of the limited available pump power. Ineotd scale up the output power of a
fiber laser, the cladding-pump configuration shdogdused.

Nd in a germano-silicate host favours the transiato900 nm [9, 50]. However, the
germano-silicate host does not permit a higlf*Ndn concentration. In order to increase

Nd®** ion concentration, the alumino-silicate host isferred. However, the spectroscopy
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of Nd in an alumino-silicate host favours the 1060 transition band rather than 900 nm
[9, 50]. Hence, it necessitates the use of a Higeed filter to suppress the stimulated
emission at 1060 nm. For this, a W-type fiber desitpat has a non-zero fundamental
mode (LR, cut-off, has been used [8, 46]. Theolode cut-off can be located between
the two Nd* ion emission bands, so that the fiber does nodegait 1060 nm. A good
suppression of 1060 nm emission was reported [B,Rkcently, 10 W of cw single mode
output power at 930 nm was realized with a Nd-dogedino-silicate W-type fiber [51],
in a MOPA (master oscillator power amplifier) capfration. However, the laser
configuration is complicated and the core-size ld W-type fiber is relatively small,
which limits the extractable energy at 930 nm frma Nd-doped fibers. Moreover, the
relatively small core eventually leads to high fib®onlinearities. Therefore, for real
applications, a large core is an important desggture for the high-power cladding-
pumped fiber lasers, since it allows the inner-diag size, and thus the pump power, to be
scaled whilst maintaining an acceptable pump abisorpUnfortunately, if the core size
becomes bigger, the fundamental mode cut-off of -&ype fiber will be located above
1060 nm and the desired suppression can not beebtaVhile it is in theory possible to
reduce the refractive index step, and thus mairit@80 nm suppression even with a larger
core, this is quite challenging in practice.

To date, the YB-doped fiber has led to significant improvementsigh power
fiber laser sources. It has already reached kW ptavels at ~1100 nm whilst maintaining
a nearly diffraction-limited beam quality [4-6].igare 1-3 shows the energy level diagram
of Yb* ions. There are only two levels, however, eackl|é¥;, and*Fs,, has strongly
coupled Stark split sub-levels. Because of tha¢ Mser action at 1100 nm is after
considered as a quasi-four level laser transitioth va low threshold and high gain

efficiency.
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Yb**-doped fibers have a broad absorption band fromr88@o 1070 nm and also
a broad emission band from 900 nm to 1100 nm. Turaping wavelength is normally
chosen at 915 nm or 980 nm because of the relathigh absorption cross section. In
practice, it was pumped by a 980 nm pumping soara® shows very highly efficient
operation at 1100 nm. However, in the*¥doped fibers, laser operation at the shorter
wavelength is also challenging, similar to the*Ndoped fiber operating at 900 nm. In
many applications, such as for a pump source farbium-doped fiber amplifier and laser
[52] or blue light generation by frequency doubl{s§-54], high-power, single-mode 980
nm sources are of interest. Commercially availantgle-mode 980 nm laser diodes are
not only limited by their output powers but theye axpensive too. In terms of power-
scaling of the fiber laser at 980 nm, the claddimgiped concept is also available. R.
Selvaset al. from the ORC suggested a jacketed air clad (JAQE®ire [115] for the high
power fiber laser at 980 nm. Using such a fiberpatput power of more than 3 W was

obtained while maintaining diffraction-limited beayuality [55].

-13 -



However, the JAC structure requires a small intadding (~30um) and a short
fiber length (e.g., ~40 cm in [55]). This is to pugss the Yb-emission, at around 1030 nm,
along the fiber and at the same time to achieviglalbvel of Yb inversion (over 50%) in
order to obtain gain in the 980 nm transition, lbseaboth the emission and absorption
cross-sections are comparable at this wavelengtius,Tpower-scaling using a JAC
structure requires the use of an expensive, higtepand high-brightness multimode
pump source. An alternative approach to achievigla power 980 nm YDFL would be to
design the waveguide structure such that it acta dsstributed filter along the fiber to

suppress the 1030 nm ASE.

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

lasers

The continuous wave (cw) output power of high bimgiss cladding-pumped
ytterbium (Yb) doped fiber lasers has already redde kW-level, as mentioned before.
Moreover, fiber-based master oscillator — power l#ap (MOPA) sources show the
potential to scale up the average output power afensophisticated waveforms, such as
picosecond pulses [10]. For those, fiber nonlirnesribecome an important issue.

One of the fiber nonlinearities, SRS, is a majastable for power scaling of pulsed
fiber systems and even in cw single-mode, high pdiber systems. SRS can occur in the
laser, or the amplifier itself, as well as in amglidery fiber. To date, most of the high
power fiber sources use a large, low-NA, core anetlatively short fiber in order to
mitigate SRS. Large cores, however, eventually lead multimode output beam, and
hence to a degraded beam quality. Although, thenbgaality obtained with a multimode

core can be improved significantly by filtering dbe higher order modes, e.g., by tapering
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the fiber or coiling a low-NA fiber [56-57], theseethods have their limitations and are
difficult to implement in a delivery fiber. Hence, single-mode core still remains an
obvious choice for high beam quality. However, rgl#-mode (i.e. small) core requires a
long fiber in the cladding-pumped configuration,chese of the relatively low pump
absorption that is due to the large area ratio eetwthe inner cladding (pump waveguide)
and the doped core. However, the resulting strateyaction of the optical field with the
small core, over a long fiber length, will redube SRS threshold significantly [58].
Previously, in single-mode fibers, the suppreseib8RS was demonstrated using
several methods such as parametric suppressiomebipar-wave mixing (FWM) process
of Raman Stokes and anti-Stokes [59-60] and p@aoz switching in high birefringence
fiber [61]. Later on, in a dual-frequency pumpimghnique, the SRS suppression in the
total first-order Raman Stokes was successfullyiesetl [62-63]. However, such
technigues were not efficient in high power, claddpumped fiber laser systems because
they allowed only one frequency component of thenpdield for SRS suppression or
because their suppression was only valid at a wefitrolled, selective parametric

condition.

As an alternative method, using fiber bending ltiss,stimulated Raman threshold
can be increased because Raman gain is also depemue¢he propagating loss at the
Stokes wavelength. Kuzin et al. (1999) presentedSRS effect when bending loss was
induced to the fiber [64]. Recently, Dragic et @005) demonstrated, numerically, SRS
suppression by the induced bending loss [65]. &ttmre, such a technical concept is more
suitable for the cladding-pumped high power filegelrs because it is simple and the total
Raman gain band can be suppressed by the inducetingeloss without any specific
parametric condition in the fiber system. Howewerthe normal step index structure, the

bending loss is detrimental over the whole wavdlemgnge and thus it will introduce a

-15 -



significant amount of loss at the signal wavelengtb, because of the relatively slow
dependence of bending loss on the wavelength. fidrerein order to filter out SRS
emission selectively, without any loss at a desiveavelength, a distributed fiber
waveguide filter, with a modified index structure,required. Very recently, a dual hole
assisted fiber with the fundamental mode cut-off baen suggested for the suppression of
Raman gain [39]. In this thesis, the suppressioBRS in W-type, Y&-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 alsdity for high power fiber laser
sources was introduced. As mentioned before, Wtery challenging to realize the fiber
laser in the cladding-pumped configuration operptinthe shorter wavelength, because of
the relatively low pump absorption and the compmetitof the stimulated emission
transition at longer wavelengths. In this thedme HOF structure is mainly considered
because it has a relatively large core area andl laéxause it provides a non-zero
fundamental mode cut-off in a finite wavelength gen which yields a distributed
wavelength fiber waveguide filter for the suppreasof unwanted stimulated emission. |
was given the project HOF to work on when | startedPh. D. | contributed mainly to the
theoretical and experimental investigation of t@felating to the modal characteristics,
such as cut-off behavior and bend loss. The lasdoinance of rare-earth doped HOFs
was investigated theoretically and experimentailyr wignificant help from P. Dupriez, D.

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

Part | contains an introduction and a brief revigifiber fabrication, waveguide
theory and fiber lasers and amplifiers in the fivgd chapters. In chapter 1, the motivation
for the research | accomplished is introduced d&d fdrevious studies in this field are
presented. Chapter 2 first provides an overvievthefrare-earth fiber fabrication using
MCVD and, then, relevant waveguide theory is re@dvin a simple manner in order to
help in the understanding of the design procesb@MHOF and DCHOF. The review on
fiber lasers and amplifiers and SRS is basicallggplanation of the important terms and
equations and is given only for enabling an undeding of later chapters, because their
theory has a very wide scope which goes beyond dhdlis thesis in many areas. In
chapter 3, | described numerical simulations onrtwalal characteristics of step HOFs.
For this, | suggested the characteristic equatmnstep HOFs, which is used for the
analysis of cut-off characteristics, modal fiela®wl dending loss properties, depending on
fiber design. Based on numerical analysis, theofiubehaviour of the fundamental (b4
mode was investigated experimentally. In additiankr:Yb co-doped, step, HOF fiber
laser was investigated experimentally.

Chapter 4 deals with Nd-doped DCHOF. | derived ¢haracteristic equation in
order to analyze the modal characteristics of DCHB&Sed on the numerical analysis, |
designed the DCHOF for the realization of a Nd-dbfiber laser operating at 930 nm.
Laser action of the Nd-doped DCHOF was demonstratggerimentally in cw and Q-
switched pulse regime and its performance was aedlyln chapter 5, an Yb-doped
DCHOF was investigated for high power fiber souraethe shorter wavelength, 980 nm.
First, the optimum fiber design was found using thanerical analysis of the modal

properties of DCHOF and, then, laser action of Ypat DCHOFs at 980 nm was
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demonstrated. Next, the Yb-doped DCHOF was corsttiéor high power fiber laser
sources at the other relatively short wavelengfl®gd nm).

In chapter 6, SRS suppression was investigatedvin-doped W-type fiber MOPA
system. For this, initially, | estimated the Rantlareshold, depending on the induced loss
at the Raman®1Stokes wavelength, using a numerical approacmdJi-type fiber with
the fundamental mode cut-off at the Stokes wavelendSRS suppression was
demonstrated experimentally in a fiber—-based MOR#esn (for pico-second and nano-
second pulses), which provide high peak power. yaslof the amplifier action was
carried out in detail. In chapter 7, | summariaidhe results in my thesis and present the

future prospects for the DCHOF.
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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 aghty} different from those for
normal long-distance communication fibers. Howeteejr fabrication process is based on
the method used for communication fibers. Commumnafibers basically consist of
silica (SiQ) or silicate glasses as the main material andoomaore oxides (Gef) P,Os,
B,O3 etc) as a dopant to control the refractive indighe high purity silica fiber system is
the best material for optical transmission arourtduin, in terms of optical loss, physical
or chemical properties and long-term reliability.

The fabrication process of the fiber is composedvad main stages: preform
fabrication and fiber drawing. There are generé#iisee techniques used to produce the
fiber preform: Outer Vapour Deposition (OVD) [116]apour Axial Deposition (VAD)
[66] and Modified Chemical Vapour Deposition (MCV[®7]. The principal procedure is
based on a vapour phase reaction, which is theabaidof chloride or halide vapours. The
MCVD process, the most versatile among these tgdesi is widely used because it
produces a low loss and high quality silica fibereatively 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 beeathne high purity oxides are
deposited on the inside wall of a silica tube. Fegl-1 shows the typical MCVD setup. A
silica tube, which is high-purity synthesized slics rotated on a glass-working lathe.
Reactants such as SiCGeClh, POCE or BBr; are vaporized and delivered into the silica
tube by a carrier gas such as oxygen) @nd nitrogen (B using bubbler systems. The
oxy-hydrogen burner traverses along the silica,thkating it to temperatures in the range
of ~2200C. The reactants react with the oxygen and prothie®xides and chlorine gas
as by-product, as shown in the following chemiealctions (2-1) and (2-2). The oxides are
deposited and sintered onto the inner surface efstlica tube to produce highly dense

glass layer.

SiCl, (gas) + Q (gas)~ SiO; (solid) + 2C} (gas) (2-1)

GeCl, (gas) + Q (gas)~ GeQ (solid) + 2C} (gas) (2-2)

MCVD apparatus consists of a chemical delivery eystleft-side in figure 2-1)
and a glass working lathe (right-side in figure)24h the chemical delivery system, the
chemicals for MCVD process are stored in bubbleaglenof glass or stainless steel, which
are housed in constant-temperature baths to maithai liquid chemicals at the desired
temperature. The chemical rate at the outlet ofthiebler is determined by the partial
pressure of bubbles, the vapour pressure of thmiché and the flow rate of the carrier
gas. At a constant temperature, the pressure dfuhbles and the chemical is fixed. Due
to this, it is important to control the temperatwfechemicals constantly to obtain the

reliable chemical flow rate into the silica tubeheTflow rate of the chemicals into the
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silica tube is controlled by the flow rate of tharer gas using mass flow controllers

(MFCs).
02 02 Silica tube Sintered silic
Y Y : Bubbler system ra—
MFC : : ®og0  —»
v i
PP / |
o0 o ! Reactants+® Soot depos
MFC i (SiCl, GeCl)

«— | | —

o0 ©

................................ Oxy-hydrogen
MFC burner

MFC : Mass Flow Controller

Figure 2-1. Schematic diagram of MCVD process [68].

The bubblers used in Optoelectronics Research €etfinésersity of Southampton,
consists of four compounds, SiCIGeClk, BBr; and POG], which is used in any
combination to achieve the desired refractive ina#gxthe preform. However, the
combination of BBy and PO is avoided due to the explosive reaction. Thei@agas is
oxygen except for BBr3, where the carrier gastiogen gas.

The other part of MCVD apparatus, the glass workatge, has two chucks for
clamping the substrate tube. The two chucks amgnedi coaxially for reducing the
deformation of the silica tube during the procetsleposition and collapsing. The oxi-
hydrogen torch moved by a motor-driven carriagadded to the lathe, where a radiation
thermometer (pyrometer) and output diameter mornigoalso installed to measure the
temperature and diameter of the hot zone of the.tlihe temperature is controlled by the
flow rate of the hydrogen and oxygen using MFC. §peed of the carriage also affects

the temperature of the hot zone and thus, it shbaldontrolled properly. One end of the
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tube is put into a rotary-seal to provide the cloaiinto the tube and the other end has an
exhaust system, which removes the reacted gasaatdgs.

Main MCVD process consists of the cleaning, depmsiand collapsing as shown
in figure 2-2. In the first step, the inner surfaxfehe substrate tube is cleaned by etching
using a flow of sulphur-hexafluoride (§Fand it also helps to make smooth inner wall of
the tube. The processing temperature is ~200&nd ~10Qum of silica is etched away
from inside the tube. The next stage is the dejposiof the cladding and core. The
operating temperature is ~2080 The deposition of the cladding generally acta hsffer
layer between the tube and the core. It reduceghraass of the inner wall of the tube and
therefore reduces the scattering loss. Furthermibrgllows the fabrication of the
complicated fiber structure by using index-conttbémicals such as GeQincreases the

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

) Sk
Tube Cleaning (0 @
SN
T e, L]
Deposition of the | and Q AT
cladding and the | —— ((Y @
core | L Y

T )
Oz (or Ny, Ar, He)
Collapse (ﬂ i

/ v%

<+“—>

—_———

Figure 2-2. The conventional MCVD process for thlerication of
the preform
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The oxy-hydrogen torch moves along the tube instrae direction as the reactant
gas flow, which generate enough temperature atetheting zone (or heat zone). There are
chemical reactions which creating glass soot gdagiclhe soot is deposited on the inner
wall of the tube by thermophoresis [101, 102], vahis a driving force induced by the
temperature difference between the reacting zoddlrendeposition wall. The particles are
moved in the direction of the lower temperatureez@ime deposition wall) from the hot
zone and set down on the wall. The deposited pargaconsolidated into the silica film at
the inner wall of the tube. In the core depositithiere are some differences to this process
in the case of rare-earth doped fibers for ampsfier lasers. First, contrary to normal
communication fiber, where GeQs mostly used, other oxides ¢8k) can be used as
dopants in the core in order to improve spectrosccparacteristics such as to broaden the
bandwidth. Secondly, rare-earth raw materials (Er@UCk and YbC} etc) have a much
lower vapour pressure than that of other halidetesds (SiC4, GeCl) as shown in figure

2-3.

SicV

— 10-2 K
= GeCly
)
2 107
o NdClj,
/]
g . ErCly

107 Er(thd),

Al,Clg
10'5 | | | S O | ]
0 100 500 2000

Temperature (°C)

Figure 2-3. Vapour pressures of reactant halidemfiking rare-earth
doped high silica glasses [68].
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For this reason, it is very difficult to carry thento the reaction zone using bubbler
systems in the MCVD process. There are severaladstto add rare-earth ions into glass
and the doping methods are categorized by two kifideethods. One is the gas phase-
deposition method, which means that the rare-earths doped into the glass during the
deposition process using vapours of rare-earttdésl[2] and the other one is the after-
deposition method [2], which is generally “solutidoping method” [69]. The solution
doping technique is widely used because of its bamtyy low cost and high uniformity of
rare-earth doping. In order to do this, the opagatiemperature in the core (or doped
region) deposition should be lower than in the diag deposition. The temperature for the
core deposition is 1500-16%0, where the soot is not sintered and maintainshigh
porosity for doping rare-earth materials via thiison doping process.

The final stage for the preform fabrication is twlapse of the tube. For this, a
very high temperature (~21%0) is required. The tube is collapsed down to @lsod due
to the surface tension, and the reduced visco$itiieoglass. At such a high temperature,
tube deformation is quite easy. Therefore, thix@ss should be carefully controlled using
the properly adjusted temperature, rotation spard,carriage speed. In addition, in this
process, the diffusion of the hydroxyl (-OH) frohettube to the core can be an issue [103].
In order to reduce this, the initial preparationtloé tube (ie. by using a high purity silica
tube and etching the inner wall of the tube) isami@nt. The tube | used in ORC is F300
Suprasil grade, which has the OH content less @2uppm. The cladding thickness should
be carefully considered as the barrier preventirg ®H diffusion. In ORC, the barrier
layer is ~8um (measured in the final fiber) with 128n outer diameter. Furthermore,
vaporization of the dopants at such a high tempegatan occur and causes the alteration
of the refractive index profile such as a centiglid the refractive index of the preform.

This is especially significant in germanium dopdekefs because Ge(has a relatively
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large vapour pressure and thus, it can be easiypaated. This can be reduced by
collapsing the tube in the germanium atmospher&][D0 by etching the surface layer,
where the germanium is evaporated [101].

In the case of the hollow optical fiber used instlhesis, the collapsing is not
completed and the hole in the preform is maintawgd a specific size. It is an important
process because the size of the hole determingkitk@mess of the core and the cladding
in the final fiber. If the hole size in the prefoimtoo small, it may collapse in the fiber
drawing process. Contrary to this, if it is toogey it becomes difficult to control the core

thickness.

2-1-2. Solution doping method

As shown in figure 2-3, rare-earth materials havieva vapour pressure, which
makes it difficult to directly deliver them intoghreacting zone in MCVD lathe using the
bubbler system. This leads to use of the solutmpirdy technique. Solution doping is the
essential process for the incorporation of rar¢ghemns, which adds the rare-earth ions
into silica or a silicate glass network by soakihg low density oxide (soot) in a solution
containing the rare-earth compounds [69]. In tHatBm doping process, it is important to
deposit an appropriate porous glass layer inside ttibe. In addition, the doping
concentration, as well as the glass structure, bmmetermined from the porous glass
structure. This porous glass is deposited at lowaperature (150C~1600C), which
does not allow the glass to sinter. Here, the pogdass is composed of tiny glass particles
(from sub micrometer to hundreds of micrometer) poiks, whose structure is determined
from the temperature of the glass, where if thepenmature is too low, the soot easily

disassociates from the tube during the doping poc@nd sintering process. If the
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temperature is too high, the penetration of raréheians is not enough and their doping

uniformity is impaired.

«— Deposited preform

Large glass tube—» Soot

Rare-earth solution

Vessel
Bung——»

-
& Pump

Rare-earth solutiom—>

Figure 2-4. The schematic diagram of the apparfatusolution doping.

Figure 2-4 shows the schematic diagram of the apypsrused for the solution
doping. A rare-earth solution made of methanol f@ter, alcohol) and rare-earth raw
materials is directly introduced into a depositetdops glass and soaked in their pores. In
general, in order to improve the solubility of raa&th ions, AIX is used in the
combination of rare-earth chlorides. This solutglould be pumped in the tube with a
slow speed for preventing any dislodging of soottipl@s. In order to control the
concentration of rare-earth ions in the silica, tbacentration of the solution is properly

adjusted. The soaking time is ~1 hr, which is emotay the complete diffusion of rare-
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earth ions into the soot. After soaking, the soluis expelled from the tube and the porous
glass is dried. At first, the soot is dried in thie for several hours and this time should
ensure complete drying. In some cases, H&rND, gas can be used in the lathe to make
the drying process faster. Then, this rare-eargfedgorous glass is sintered in the MCVD
lathe. The sintering temperature is ~1&50which should make the soot glass transparent.
In this process, the temperature is controlled veayefully in order to prevent the
evaporation of the rare-earth chlorides and alwmmichlorides (AIG)) before the
oxidation reaction occurs. After consolidating gaot, the tube is collapsed in the usual
way at high temperature. In the sintering or caiag process Glgas, which is the drying
gas, can be used to reduce the water content. FfEfiem made with this process is drawn
into the fibernvia the drawing process.

The main disadvantage of the solution doping pedceshat it is very difficult to
employ for multiple core layers. For this, the wdpkocess as mentioned before should be
repeated for every single core layer. However,sitnbt practical and is very time-
consuming job. It can also cause significant tue®mination. Therefore, it is challenging
to obtain large core fibers. In order to solve this alternative preform processing stage is
required. After completing MCVD process, the prefds etched to give the desired ratio
of the core and cladding in hydrofluoric acid smat In addition, in order to improve the
pump absorption, a non-circular symmetry of thdgere is necessary [104, 105]. For this,

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

2-1-3. Fiber drawing process

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

composed of the preform feed controller, a highgerature (>2000C) furnace, diameter
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gauge, the polymer coating assembly including ewuibblet (UV) curing furnace, and a

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

the prefrom in the center of the furnace. It is iiet the high temperature furnace with a
controlled constant speed. In general, the healegent of the furnace is high purity
carbon, which can be easily oxidized when it megtsat high temperature. In order to
protect the graphite element, an inert gas, suargm (Ar), is introduced into the furnace.
If the temperature is fixed to a point where ittesn$ the preform, the fiber diameter is
controlled by adjusting the preform feeding speed a@raw speed. Their relation is

presented in the following simple equation accagydmthe conservation of mass:
L (2-3)

where,v, andv; are the feed and draw speeds respectively, cgnénd d

indicate the preform and fiber diameters respeltivEhe take-up speed of the fiber is
controlled by a signal from the output diameter ggalocated below the furnace. The
feedback loop system helps to maintain the outandter at a constant value. In principle,
a fluctuation of the fiber diameter eventually aais variation of the fiber geometry,
which can produce detrimental effects on wavegpidperties. Therefore, precise control
is important. Fluctuation of the diameter comesrfriwvo major origins. One is that it is
caused by the temperature fluctuation, which resmt+0.5um variation of the fiber
diameter when the temperature fluctuation is ir2%D.in a length period of 100 cm [2]. In
order to minimize this, the flow rate of the ingets and the ratio of the preform diameter
to the heater diameter should be optimized [11/Ag ®ther is the variation of the take-up
speed, which causes the long-term fluctuationpétsodic length is longer than 100 cm.
This fluctuation is minimized by controlling theki&up speed constantly and precisely via

monitoring the signal from the diameter gauge.
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Figure 2-5. Schematic diagram of the fiber dravapgaratus

The fiber enters a coating cup in the polymaatiog assembly, which contains a
viscous acrylate fluid. The hole size in the bottomthe cup (coating die) is selected
depending on the fiber diameter and the desiretngpthickness. The coating material is
cured in the UV furnace. The consolidation strer@ftthe coating is highly dependent on
the curing temperature (or UV power) and it shaokdhigh enough to protect the fiber
breakage during fiber bending and handling. In @aldi the coating thickness should be
also optimized. For a commercial single-mode filibg coating diameter is ~25@m.
However, it may be different for other applicatiofitere are two coating methods. One is
the gravity-force coating, which is generally usedORC in the case of the low drawing
speed (5 ~ 20 m/min) and small coating diamet26Q um). Here, the coating material is

stored in the coating cup and sticks onto the filvdren the fiber passes through the
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coating material. The coating thickness dependshenhole size in the coating die and
drawing speed. This process is quite simple. Howevas difficult to use at the high
drawing speeds and for large fiber diameters. Ttheranethod is the pressurized coating
system [108], which is useful for very high drawisgeeds and large fiber diameters. In
the pressurized system, the coating material isciaeg to the surface of the fiber by
carefully controlling the pressure with an inersdan general, B. In order to do this, the
coating cup is specially designed [109]. In somgesain order to control the injection
speed of the coating material, its viscosity istogted and thus, the coating unit contains
the thermal apparatus [110]. For most commerciatufecturers of fibers industries, the
pressurized coating method is used.

The fiber then passes round the capstan, whosel gpaeerally corresponds to the
take-up speed, and it is wrapped onto a take-updiitne important thing in the drawing
process is to maintain the mechanical strengthhef ftber. However, in the drawing
process, the scattering loss of the fiber can bedalepending on the temperature and
take-up speed [111]. This is due to the induceekstin the fiber by the drawing tension
during the drawing process [111]. Therefore, fotimjzing the optical and mechanical
properties of the fiber, the temperature and thee-tgp speed should be carefully

considered.

2-2. Review of waveguide theory

In this section, the basic theory of a waveguideisimple step index fiber is
reviewed using electromagnetic theory. In principhe electric and magnetic fields of a
guided wave satisfy Maxell's equations and the ldaumy conditions imposed by the
cylindrical dielectric core and cladding. There artain solutions, which are called

modes, each of which has a distinct propagatiorstemi (or effective refractive index),
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which represent the modal characteristics in arfilvaveguide. Therefore, it helps to
understand the design process of more complicaiedwaveguides.
An electromagnetic field in a medium is composedwas related vector fields, which

satisfy the following partial differential equatgrknown as Maxwell’'s equations [71].

nxe=-%8 (2-4)
ot

OxH=92 (2-5)
ot

0ID=0 (2-6)

0B =0. (2-7)

where, the medium is linear, non-dispersive, homegas, and isotropic, which indicates
that physical properties are the same in all doestat a given point in the medium. It is
also assumed that the medium is source-keandE are the magnetic field (A/m) and
electric field (V/m) respectivelyD and B are the electric flux density (or the electric
displacement; C/A) and the magnetic flux density (Tesla) respetfive is the time
variable.Oxand [ are the curl and the divergence operations resspéct The relation
betweenE and D depends on the electric properties of the med&imilarly, The relation
betweenH andB depends on the magnetic properties of the mediwroh $elations are
defined as;
D=¢E+P (2-8)

B = yH+ M (2-9)
where,P is the polarization density, which is the macrgscesum of the electric dipole
moments andM is the magnetization density, which is also definethe same way with
the polarization density. Most dielectric mediunmgluding pure silica, are nonmagnetic

and thus, it can be assumed that O, which is always valid throughout this thesigis
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the electric permittivity of free space apg is the magnetic permeability of free space.

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

position and time are parallel and proportionalired their relation is defined as
P=¢gxE. (2-10)
Where, x is electric susceptibility, which is a scalar dams. Substituting (2-10) in (2-8),
the relation betweek& and D can be found as
D =¢E (2-11)
where, & = g5 (1+ x ), which is the electric permittivity of the mediuand the ratios/ &,

is the dielectric constant. Using these relatidviaxwell equations (2-4) — (2-7) can be

presented as

oH
OXE =—-p,— 2-12
Ho ot ( )
UxH= ga—E (2-13)
ot
OIE=0 (2-14)
OMH=0 (2-15)

Using the vector identityIx[Ix A= -0%A+ ooy , where0? is the Laplacian and

UA indicates the gradient of a scalar functfoncomponents oE andH satisfy the wave

equation as follows

1 0°E 1
0°E-— =-0(=0eE 2-16
c? ot? (5 ) ( )
5 10°H _
|:| H_C—2 atz —0 ':(2)

1/2 |

Here, cis the speed of light in a medium. From relatioh®we, c =1/(&uy) n a

medium, the speed of light is again



c=— (2-18)

1/2 1/2

where,n = (e/ &) , Which is the refractive index of the mediugg.is the

=@1+x)
light velocity in vacuum. Ife is not varied in space significantly compared e does

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

- D(1 e [E) = 0. Finally, the wave equations can be expressedliasvs
£

1 0°E

DZE—C—Z e =0 (2-19)
1 0°H

DZH_F atz :O. (2'20)

For a step index fiber, equation (2-19) and (2420olved for the core and the cladding
separately, and the boundary conditions are usedhtoh the solutions. The electric field
and the magnetic field are a function of a time argpace. If the electromagnetic wave is
monochromatic, the electric field and the magniic are harmonic functions of time at
the same frequency. Therefore, they can be exmlésterms of their complex amplitudes
as follows

E(r,t) = Re{E(r)exp(jat)}, (2-21)

H(r,t) = Re{H(r)exp(jat)}, (2-22)
where E(r ) and H(r ) are the complex amplitudes of the electric and metg fields
respectively.« = 27w is the angular frequency, amds the frequency. Using equation (2-
21) and (2-22), the wave equations (2-19) and (2a2€ reduced to

O%E+k%E=0, -23)

O%H +k?H =0, 22)
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1/2

wherek = a(&uy) ™ “ =nkq is the wave number, anld, is the wave number in free-space.

Assuming the monochromatic light is propagated ugloa step-index fiber, the electric
field and the magnetic field of light must satistyve equations (2-23) and (2-24), where

n=ng in the core ( <a) and n=ny,y in the cladding ¢ >a ). In a cylindrical
coordinate system, the wave equation becomes

2 2 2
Qli+iggwuiéli+gli+n%ﬁu:O, (2-25)
a2 ror r?2ag” 972

where the complex amplitudé =U(r,¢,z r¢present€ or H. Taking waves travelling
in the z direction, the z dependencdJbfis of the frome™ 142 where S is the propagation
constant. Becaus® is a periodic function of the angle with period 272 , it can be

assumed that the dependence g@nis harmonic, e '? | where | is an integer

(1=0,£L,£2... ). SubstitutingU(r, ¢, 2) :u(r)e_jw’e_j'f"Z into equation (2-25), the

ordinary differential equation fan(r ¢an be obtained.
—+—d—+(n2k§ - B? -—)u=0. (2-26)
r

The wave is guided if the propagation constanf ) is smaller than the
wavenumber in the corenf,ky) and larger than the wavenumber in the claddmgdkg).
Each mode parameter is defined as follows

V2 =ngkg - 4%, B <Neoko (2-27)
y? = B? ~naaks B> nko (2-28)
Equation (2-26) can be written in the core and dilagl respectively as follows

d’u 1du
+—+
dr? rdr

(v? —Ir—zz)u =0, r <a (core) (2-29)
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d’u 1du
+___
dr? rdr

2
(y2 +:_2)u =0, r>a (C|add|ng) (2'30)

The solutions of differential equation (2-29) artd30) can be expressed as the
family of Bessel functions in a cylindrical coordie system [118]. The related solutions

using Bessel functions are

Jy (wr), r<a (core)

. (2-31)
K, (), r>a (cladding)

u(r) D{

where, J,(x )is the Bessel function of the first kind and orderand K, (x) is the
modified Bessel function of the second kind andeotd The mode parametexsand y
determine the variation af(r in the core and cladding respectively. It is caneget to
normalizevand y by defining

X =va, Y=)a (2)32

Using (2-32),X2 +Y2 =V 2 is defined, wher® = NAk, (& (NA=1/n2 —n3,q ) is V-
number (normalized frequency), which is importaatgmeter that determines the number
of modes of the fiber.

Most fibers are weakly guiding, which meamg =ny,q Or the refractive index
difference @An) betweenn,, andngy,q is much less than 1. In this case, the longitudina

components of the electric and magnetic fields rarech weaker than the transverse
components. And thus, the guided wave can be asktoriee a transverse electromagnetic

(TEM) wave. A S satisfying the boundary condition between the @rd the cladding,
can be found from equation (2-31). The equation dbtaining S is expressed to the

characteristic equation. For each Bessel ordehe characteristic equation has multiple

solutions yielding discrete propagation constgpf, m=12,.... Each solution indicates a

mode. The linear polarization in the x and y dimts form orthogonal states of
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polarization and this linearly polarized, n) mode is denoted asld,,, mode. The two

polarized modes propagate in the same direction avisame propagation constght In
this thesis, this assumption is always valid. Fonvesakly guiding step-index fiber, the
characteristic equation can be obtained by applthegooundary condition in equation (2-

31). The condition is that the functiarfr is)continuous at =a and also, its derivative at

r =a must be continuous. These two conditions yieldctieracteristic equation for such a

fiber.

(va)J; (va) _ (1&)K, ()&)

(2-33)
J; (va) K (&)

Here, J, and K, are derivatives of the Bessel function of thet find and ordet and the

modified Bessel function of the second kind andeotd Using the relation as follows

[118]
: - 1 (X)
Ji(X) =1 (x) FI (2-34)
Ki09 =Kz (97119, (2-35)
Equation (2-33) can be rewritten as
(va)Jy.1(va) _ (8K .1 (08) (2.36)

J; (va) K (8)
Solutions, mode parametevg, and y;,,, must satisfy the characteristic equation
(2-36) (m = 1,2,3,...) and in this case, the propagatonstants,,, is also determined by

equation (2-27) and (2-28), which determines aldai@roperties, including modal field,
modal dispersion, and induced bending loss. Inrotle@nalyze modal characteristics of
the fiber waveguide, it is very important to deraved solve the characteristic equation for

the designed fiber to obtain the propagation consfg, . However, in the more
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complicated fiber waveguide structure, it is nasyeto achieve the analytical solution as
simple as equation (2-31) although the derivatioocess is similar to what was shown
through this section. In this thesis, in order tdve this problem, a simple numerical

approach (e.g. basically a Newtonian method) wasd.us

2-3. Stimulated Raman scattering in optical fibers

Stimulated Raman Scattering (SRS) is a nonlineacgss that can be a serious
obstacle for power-scaling in fiber laser sourd.[In this section, a simple approach to
SRS in optical fibers will be presented.

In a molecular medium, light at a frequenay,() can be converted to a frequency-
shifted light (ws), which is determined by the vibrational modestlué medium. This

process is called the Raman effect [72]. In optiitedrs, incident light acts as a pump for
generating the frequency shifted radiation (e.@k& wave), where the strength of the
Stokes wave is dependent on the light intensitynil&rly, the original signal in an
amplifier or laser system can act as a pump for §&sration. If the pump reaches an
intensity level where Raman effects begin, enesgiransferred to other frequencies and
the energy at the original frequency is decrea$bdrefore, in high power fiber sources,
the signal is easily amplified to such a level véhirtransfers to Raman. The conversion
from the signal to the Raman prevents the scalmgfuthe output power of the signal. In
general, in fused silica, the frequency is shiftedn the original frequency by ~13.2 THz
(440 cm") when it is pumped by the pump wavelength of Ing; this shift is slightly
different depending on the composition of the fibere. In cw and quasi-cw systems, the

evolution of the Stokes wave is presented for sicriplas follows [72];
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dig/dz=gglpls (2-37)
where |15 and |, are the Stokes wave intensity and the pump irntterespectively.gy is
the Raman gain coefficient, which is related to ¢hess section of spontaneous Raman
scattering. Spontaneous Raman scattering gendpgitdte incident pump beam acts as a
seed source and is amplified with propagation m fiber within the bandwidth of the
Raman gain spectrumg(Q) (Q represents the frequency difference between tineppu
and Stokes wave, which is slightly different depegdon the material and the pump
frequency). If the pump intensity reaches a certhneshold value, the Stokes wave is
increased exponentially [72, 73].
In order to estimate Raman threshold, the intesadbetween the pump and Raman Stokes
waves in the optical fiber is considered next. Bonplicity, the two coupled wave
equations are defined as

di,/dz=-%P galols —apl,. (2-39)
Ws

whereag andap indicate fiber losses at the Stokes and pump \eageh respectively.
ws and w, are the frequencies of Stokes and pump beam resggc Here, light is

assumed to be cw or quasi-cw. In an ideal condfnanloss), the total number of photons

in the pump and Stokes wave is constant throughlibeduring SRS.
I I
d (—+-2)=0 (2)40
dz wy we
From equations (2-38) and (2-39), based on thengstson that there is no pump depletion,

the analytical solution for the evolution of theis wave can be obtained as follows:
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wherel ,is the incident pump intensity at= . &quation (2-41) can be solved and thus,
the Stokes wave evolution is presented as

Is(L) =1s(0)exp@rloler —asl), (2-42)
here, L is the fiber length and effective lengthy = L —-expFapl))/ap , which is

reduced due to the pump lods,  (8)the input intensity of the Stokes wave. SRS is

initiated from spontaneous Raman scattering, adiored before, and thus, by estimating
the power of the spontaneous Raman scatteringnpliug intensity of the Stokes wave can
be determined. The spontaneous Raman scatteringragjes photons within the entire
bandwidth of the Raman gain spectrum and its pawetetermined by the number of

photons. The Raman power is defined as [72]
Ps(L) =Ps exp@grloLer —asl), (2-43)

-1/2

2 02

where, the effective input powBE) =hwsBy , where By = ( )1’2§ aﬁ;% is
w=as

I 0 Lef'f
the effective bandwidth of the Stokes wave centrear the gain peak [72]. AlthoudBy

depends on the pump intensity and the fiber lertgthspectral width of the dominant peak
provides an order-of-magnitude estimate for it.
Raman threshold is usually defined as the inpmppower at which the Stokes

power becomes equal to the pump power at the dibgrut [72].
From equations (2-43) and (2-44), if the assumptigr= a5 should be valid, the Raman

threshold condition can be represented as follows

PSy expOrPsLes / Axt ) =Py, (2-45)
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where Py =1,A4 is the input pump power andy is the effective area of the core.

Assuming a Lorenzian shape for the Raman gain spectthe critical pump power

satisfying equation (2-45) is approximately given b

gRH?Lﬁ

=16 2)46
A (2)

In practice, if polarization is not preserved, B@man threshold is increased by a factor of
~2.

The solution, equation (2-46) for the Raman thr&shs so simplified that it
cannot be applied to many real cases. For exanmbm amplifier system, the rare-earth
doped fiber act as a gain medium for a signal. Jigeal power (or intensity) is increased
throughout the fiber. When the signal power reacted critical power at a certain
position in the fiber, SRS can be generated anditireaal power is degraded. On the other
hand, if the signal power is degraded by the Ramamversion, the Raman is also
decreased because of the depletion of the sigmasi@ering this effect, it is difficult to
define the Raman threshold. Moreover, it is impart@ find how much fraction of the
Raman conversion makes a significant effect orsitpeal in order to determine the Raman
threshold in the laser/amplifier system.

The discussion of all of these will be presente@lnapter 6, where the evolution of
the signal and Stokes wave in a real amplifieresyswill be numerically investigated.
From this, the Raman threshold will be re-considesnd the fiber structure for

suppression of SRS in a high power fiber sourckbeilsuggested.
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PART lII.
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 surrdumg the raised index core and a

silica cladding as shown in figure 3-1.

A
Ring core  Silica cladding
ncore
Nclad|eenaeaflaanans
Air hole
Najr >

A

I air lcore

Figure 3-1. The schematic diagram of a step HOF

The numerical analysis of HOFs should be done Wyllavectorial calculation
rather than a weakly guiding assumption becausbkeofarge index difference between an

air hole and ring core. However, as far as modeoffutvas concerned, the linearly-
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polarized, weakly guiding approximation is stillida To confirm this, the results using the
LP mode assumption and commercial software (Femthb) uses a full vectorial
simulation were compared. The error in the caledagffective indices of modes was
within 1% in most cases. Therefore, in this thetis, weakly guiding approximation and
the linearly polarizedL(P) modes were considered for simplicity. This asstiompwill
also be applied to the numerical approach to thdamproperties of the DCHOF, which
will be discussed in later chapters.

The refractive indices of the core, cladding and #ir-hole sections are_,,,
Ny (51.457 or 1.45) andapn (=1) respectively, and the air-hole, the core tredcladding

radii arer,, , r., andr,, respectively. Here, the core thickness) (is defined as

core

r.. . The electric field component of guided modes igfimkd as

t :r core_ air
E(r,¢,2) =e(r)expCjlg)expijBz) , | =0, £1, £2, ... wherer,¢ are the radial and
tangential co-ordinates in the plane perpendidaldahe fiber axis ana is the length axis

of the fiber.e(r s an eigensolution of the Helmholtz equation, whineans the radial

dependence of the electric field component. Itlmamvritten as follows [33];

Al (vr) r<rg
e(r) = B'JI (UI’) + CYI (ur) Vair srs Feore - (3'1)
DK, (wr) r>ree

Here, r is the radial position and\, B,Cand D are constantsl, (K, ) is thel th
order modified Bessel function of the first (secpkehd andJ, (Y,) is thel th order

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

are defined ay = \/[:’2 -n,, ’k,”, u= \/nw,ezkoz - % andw=48%-n,,’k,” . Here, the
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eigenvalue of is the propagation constant of each mode lghid the wave number. By

applying the continuity of electric field at two lndariesr =r,, andr,., the following
4x4 matrix type characteristic equation can beiobth[33, 74].
(g ) =3 (urg,) =Y (urg,) 0
iy (g, ) —udy (urg ) —uY (urg,) 0 ~0 (3-2)
0 Jj (urcore) Y (urcore) -K (Wrcore)
0 uJ, (urcore) uy, (urcore) - WK, (Wrcore)

The propagation constanf3() can be obtained from equation (3-2) numericatigt a
for each azimuthal indek, the characteristic equation has multiple solgigrelding
discrete propagation constanfi,(m=1, 2,...), which represents a guided mode. The
transverse field distribution of each mode can bmpmuted from equation (3-1) after
determining the constantd, B,Cand D from the achieved propagation constam )
value.

This thesis primarily targets the HOF as a disteduiber waveguide filter for high
power fiber laser sources operating at short wanghes. Therefore, calculating fiber
parameters for the fundamental mode cut-off arentha objective. In order to obtain the
fundamental mode cut-off wavelength, the propagatonstant of the LJ? mode at
several core thicknesses was calculated dependmgvavelength and then it was

converted to the effective index, which is defireing = £/k,. Figure 3-2 shows the
variation of the effective indices of the iPmode depending on core thickness and

wavelength at a fixed N (NA¢, = 0.09,NA,, =+/N,,° —Nyag” ) and hole diameter of 4

pm. Here, the refractive index of silica at ju@® was 1.4571. In general, the modal cut-off

takes place when the effective index of the guideable becomes equal to the silica
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cladding index. After cut-off wavelength, the modiges not guide through the core any
more. In figure 3-2, it is noted that HOF showsuamdamental (LK) mode cut-off

wavelength where the effective indem £ ) of the LR; mode becomes equal to the silica

cladding index (4,4).- Beyond this wavelength, the fundamental modesdus exist in

the core. This property is similar to that of W-ypber, which exhibits the waveguide
filter characteristics [75]. The appearance offtirelamental mode cut-off in a HOF is due
to the negative value of the volume integrationrelftive refractive index in a hollow

structure (because of its central air hole sectjd@). However, in the HOF, the decay rate
of effective index was not steep at thepLPhode cut-off range, which is detrimental to

obtaining sharp filtering characteristics. Thisiso verified in figure 3-3.

pP"
Wavelength(:m)

e 0.10-?'30'

Figure 3-2. The variations of effective indiaspending on the wavelength and
core thickness (calculated at a fixed NA of 0.6€ hole size of 4m diameter)

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

effective index changes of bPand LR; mode were calculated at a fixed core thickness of
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4um and the core NA of 0.09. Here, the refractiveeidf silica cladding was 1.45. The

cut-off wavelength of the LJ? mode was not significantly changed in all thresesaas

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

wavelength of the L§2 mode is small. However, the effective indiceshd tR; mode at

shorter wavelengths

were different, depending erhtble size, which in fact will affect the

modal properties of bending loss of HOF. For exanile low effective index of ldPat a

given wavelength could be detrimental to the begpgiarformances of the kPmode in

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

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

1.4508

1.4506

1.4504

Effective index (a.u.)

1.4502

1.4500

Hole radius : 2um
=—LP_ mode

LP11 mode

Hole radius : 4um
= = = LP,, mode

e o - LPll mode
Hole radius : 8um
- =LP, mode
LP,, mode

I
14

Wavelengh (um)

Figure 3-3. Effective index changes of fibers wdtfierent hole size as a
function of wavelength (solid line :|2m hole radius, dot line : dm hole
radius and dashed line p8n hole radius).

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

wavelength side when the hole size is increasethdrtase of HOF with the hole radius of

8 um, the effective

index of the LPmode significantly close to that of the d;fnode,
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which means that the fiber with the larger holeestan easily be multimoded and it is
difficult to separate the higher order modes frov@ fundamental (L§2) mode. Therefore,
for the gain medium, if the hole size becomes higtjee core area can be relatively
increased and this improves the pump absorptiocladding pump configuration, while

the single-mode operation at a desired wavelendtitb@&come more challenging.

3-1-2. Modal field distribution in step HOFs
The propagation constant)(and the parametesrsu and w are calculated from

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

continuity atr =r_, andr,,.), the constant$\, B,Cand D can be calculated numerically

from equation (3-1). After obtaining all these paeders, the modal field distribution of
LP modes supported by the ring-core can be obtained
Figure 3-4 shows the modal field distributions dfedtent modes (LF, LP11, LP>1

and LR;) in a HOF with a Sum hole radius and a @m core thickness. In order to see
other higher order modes, the core index was ise@# NA, = 0.19 AAn ~ 0.012) and
the wavelength was considered as Juf% The modal field distribution of the kPmode
was doughnut-shaped and the optical field is welifioed in the ring-core as shown in
figure 3-4 (a). However, the field component in teatral air region is very weak, while it
is relatively strong in the ring core and the figddbroadened from the ring-core to the
silica cladding, which causes the increase of tloelerfield diameter (MFD). The higher
order mode fields are also formed in the ring covbpse cut-off characteristics are

significantly dependent on the hole size as mentidn the previous section 3-1-1.
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Figure 3-4. Modal field distribution of HOFs; Waeebth : 1.55um, Hole Radius : 5
um, core thickness 18n, NA : 0.19, (@) LBy, (b) LPyy, (C) LPyy, (d) LPsy

For a fiber laser, the mode confinement factor Klayefactor with a doped core) of
the signal is one of the important parameters, lsdhe signal gain linearly increases

depending on the mode confinement factor [77, Y8hen the effective indexn( ) is

close to the refractive indexn,,) of the silica cladding, the modal parameteis
increases anav decreases, and the field penetrates deeper ietailica cladding. In
figure 3-5, the normalized radial field distribut® of the LB; mode were calculated at
several core thicknesses. Here, the corg, A 0.19 and hole radius of fm was fixed.
With the smaller core thickness (e.g. see the nizedhfield in the case of Am core

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

cut-off of the fiber, the modal confinement factsrsignificantly reduced and the field
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gets broad. Beyond the fundamental mode cut-offrevhey; =ny,q, the modal field does

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

wavelength filter.

— 2um core thickness
1.0 - - - 3um core thickness
4pm core thickness
—~ 0.8
3
8
2
= 0.6
c
g
£ /
T 0.4
[}
N
g
5 0.2 :
Z - j
0.0 ===
T T T T T

Radial position (um)

Figure 3-5. Radial intensity distribution of §P mode in HOFs;
Wavelength : 1.55m, Hole Radius : fim, NA. : 0.19.

3-1-3. Numerical approach to the bending loss ofegp HOFs

Bending loss in the fiber is one of the importasdues for high power fiber laser
sources. A high bending loss at the signal wavetedggrades amplifier performance by
reducing the gain. In addition, for compact devi@bend-resistant fiber is may be needed.
In a cladding-pumped configuration, the signal teatapes from the core caused by
bending can become a noise source which may cdagddirtg mode lasing or amplified
stimulated emission (ASE) noise due to mode-mixartgmode-coupling between the

fundamental mode and other higher modes.
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In order to study the bending loss property of HORe uniform bending loss

(Ovendging) formula for an arbitrary index profile single nediber derived by Sakai and

Kimura [81] is used.

2 AR
e 25|
_ 3 nd, W s
abending - 3/2 2 2 1/2 ( )
2Pt Q R+ 2n2ncoreWoo rcore
W, A

where R is bending radiusn,,.is the refractive index of the corg,,, is the core
radius, A is the operating wavelengti, is the new mode field radius representing the
bend sensitivity. This is defined by the propagatonstants of the LP,; mode and the
wavenumber in the claddinky,,q as follows [119];

2
ﬂz_kz

clad

W2 =

(3-4

The bend sensitivity is determined by the propagatonstant ), which is
varied by the core size, refractive index differeraetween core and cladding, and the

wavelength. Wheng approaches the wavenumber in the claddkyg, , the bend

sensitivity is significantly increased. It meansittthe index difference between effective

core index (4 ) and silica cladding is related to the bendingloEhe smaller it is, the

higher the bending loss becomes [80]. In equat®8)( A5 /P, is another important

parameter, which represents the normalized fieténsity coefficient in the cladding

region. This parameter can be obtained from tHewiahg relations;

e(r)=Ay Ko(#ﬂ ,

o)

r= I'core (3'5)
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R =], €*(0rar &-
wheree(r )is the radial field function in the claddingd, is the coefficient of the
field function, andK, is the modified Bessel function of the first ord& is the

integrated field intensity, which is determined iy radial field distributiore(r )n the
cladding.
For the distributed wavelength waveguide filtére bend sensitivity is very high

around the fundamental mode cut-off wavelength eabgcause the effective index )

of the fundamental mode is close to the refradimnex of the silica claddingn(,y)- In

the case of a HOF, the bending loss is signifigaimttreased just before reaching the
fundamental mode cut-off wavelength, while the begdoss is maintained at a low value
far from the fundamental mode cut-off wavelength th@ shorter wavelength side.

Although the fundamental mode cut-off in the HORvigl-defined in theory g =Ngaq ),

the mode cut-off wavelength is difficult to defimea real case because of the very high
bend-sensitivity near the theoretical fundamentadlencut-off wavelength.

The bending loss and effective indices as a functbrthe wavelength were
calculated in the HOF at several bending radii gigguations (3-3)-(3-6) based on the J
Sakai paper [81]. The calculated result is preskmtefigure 3-6. Here, the HOF is
composed of the gim core thickness, fim hole radius, and 0.09 NA The theoretical
fundamental mode cut-off wavelength was 153. At this wavelength, the bending loss
of the LR; mode is significantly high (>500 dB/m), which indtes that the light cannot
be confined any more in the ring-core. Furthericgilcauses huge bending loss at the
shorter wavelength side and it effectively makesftmdamental mode cut-off wavelength
shift to shorter wavelengths. In practice, the etliloss of 5 dB/m (~70% loss of the

power per unit length) is large enough for the ffitiebe considered as ‘non-guiding’ [82].
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Based on this, the fundamental mode cut-off wawgttesan be defined practically, which
is called as the effective fundamental mode cuta@¥elength. In figure 3-6, the effective
fundamental mode cut-off wavelength is ur®, when the fiber was coiled with a bending
radius of 20 cm and it is shifted to the shorteveangth by bending, 1.1@m for a
bending radius of 10 cm and 1.@bn for a bending radius of 5 cm. A significant
discrepancy exists between the effective and thieatefundamental mode cut-off
wavelength. As presented in figure 3-6, the wawgtlerspace between the theoretical and
the effective fundamental mode cut-off is ~ Ar8 for 20 cm bending radius, which is, in

fact, too broad. This should be considered whetiiltee waveguide is designed.
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90
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Figure 3-6. Bending loss at different bending rg2d cm, 10 cm and 5
cm) and effective indices of kPmode

For fiber lasers, the bending loss at unwanted lgagths should be high, while it
should be maintained at a low value at the opegatiavelength. For example, in figure 3-
6, the operating wavelength for the fiber lasendthde less than im at a bending radius
of 5 cm, where the bending loss in the fiber isntaaned at a low value. Overpin, the

bending loss is too high to be used as a fiber.lase
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3-2. Experimental investigation of Er:Yb co-doped &p
HOFs

3-2-1. Fundamental mode cut-off characteristics oEr:Yb co-doped step
HOFs

The preform for Er:Yb co-doped step HOFs (LF202) uetsricated using the
standard MCVD technique and solution doping teamaigDuring HOF preform
fabrication process, a hole was left at the fir@dlapsing stage of the preform. It was then
drawn into fibers having different outer diamet@@Ds). Each fiber was coated with a
high refractive index polymer (DSM314 : n~1.46).pdeading on ODs, the core thickness
and hole size is changed. Table 3-1 summarizesilike dimensions for each fiber and
figure 3-7 shows the optical microscope image ddlaicated HOF. These fibers have a
relatively large air hole. Due to this, higher ardeodes can be easily excited as mentioned
in the previous section 3-1-1. This was verifiedhe numerical simulation, as shown in
figure 3-8. All fibers have a very narrow single aeorange, which makes it difficult to

obtain single mode operation at the desired wagghen

slica cladding

air region .
4
."

quiding core/doped region

Figure 3-7. Cross sectional image of fabricated Bidéped
stepHOFs (F512-LF202]
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Table 3-1. The index structure of fabricated Er:Yldoped step HOFs

Er/Yb codoped| Outer diametery Hole diameter | Core thickness An (NA)
HOF (pm) (Hm) (Hm)

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 irsdafehree different modes (bR
LP;1, and LB,) as a function of the wavelength for different Hds listed in table 3-1. It
is observed that for a fixed NA, depending on tbheechickness, the LgP mode cut-off
wavelength changes significantly. Moreover, sudbers were multi-moded at most
wavelengths, where light can be guided. The wavéferamge for single mode guidance is
not clearly seen, as presented in figures (a) afc) the higher order (LD mode is still
maintained around the kPmode cut-off wavelength. According to these caltiahs, the
higher order (LP1) mode can be fundamentally guided in these HOHRsclwhave a
relatively large hole size. In order to producegi@nmode output beam quality in a fiber-
based laser system, it is preferred that the ctiuetare supports only the fundamental
mode at a laser operating wavelength. In termsisf tt is difficult to generate a single
mode output in a HOF. In the HOF, the dominantdaébr determining a single mode
operation at desired wavelengths, is the holeaszementioned in the previous section 3-1-
1 and a small hole size will be preferred for ausilsingle mode output.

In figure 3-8, the separation betweenyL. Mode and LB mode cut-off wavelength
IS too narrow to separate them and their cut-offelengths are located very closely. In
this case, it is difficult to define where the famdental mode cut-off is. However, it is very
clear that both Li and LR; mode are cut-off from the ring-core of the HOFdanh
produces the filtering characteristic in the HOfr.ofder to prove this cut-off filtering in
HOFs, white light (400 nm-1700 nm) was transmittédiough the fiber and the

transmission spectrum was monitored using an dpectrum analyzer (OSA).
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Figure 3-8. The changes of effective indices ofitatted fibers. (apD
125um, (b) OD 11Qum, (c) OD 85um.

Figure 3-9 shows the experimental transmissionadtaristics of such fibers. The
modal cut-off wavelengths were checked by bendhg fibers at different curvatures.
Generally, the modal loss occurred beyond the ffuivavelength of the mode. This is
called a modal leakage loss, and it can be shiftéde shorter wavelengths by bending the
fiber. In practice, the fundamental mode contaihe highest portion of the power
compared to the other modes and its cut-off geegmtignificant propagation loss, which
can be measured in the simple white-light transimismeasurement. Figure 3-9 exhibits

the white light transmission spectra through theitated step HOFs presented at table 3-1.
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Figure 3-9. Transmission spectra of Er:Yb co-dopeg $OFs (a
OD 125um, (b) OD 11Qum, and (c) OD 8pm.

In figure 3-9, HOFs clearly exhibit the fundamemntabde cut-off, which depends
on the core thickness of such fibers. The fiber V@i of 125um has the fundamental
mode cut-off at ~1500 nm and when the OD was ratitoel10um and 85um, the
fundamental mode cut-off wavelength shifted to sherter wavelength, ~1480 nm and

~1100 nm respectively. After the fundamental modéaoff wavelength, light is not
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confined anymore in the core. In addition, coilofghe fiber makes the fundamental mode
cut-off wavelength shift to the shorter wavelengjithe. This property of the HOF indicates
that it could be used for a distributed wavelerfgtar. This is a similar kind of behaviour

as observed in the W-type fiber structure [37].tBclcaracteristics of HOF could be useful
to realise fiber lasers and amplifiers at shortawelength, for example, a 930 nm laser
from a Nd-doped fiber by suppressing the four-letvahsition at 1060 nm, an S-band
amplifier/laser from an Er-doped fiber by suppregdime distributed ASE in the C-band.
In addition, if the hole size is properly contrallghe single mode operation wavelength

range in the HOF can also be increased.

3-2-2. Er:Yb co-doped step HOF laser operating at344 nm

HOF has advantages over conventional solid coes fib laser applications, such
as a relatively larger effective core area dueh® ring-core structure. As a result, high
pump absorption is possible in a double-clad camfigon, and thus allows the use of
short fibers with reduced nonlinear effects. Themfguch a structure could be useful for
power scaling from fiber lasers. In the followingcton, the lasing performance of
cladding pumped Er:Yb co-doped HOF (EYDHOF) in thé&@5%m spectral region is
presented.

Laser operation in the eye safe 1560 region from Er is important for many
applications such as remote sensing and satefiteab communication, range finding,
spectroscopy, and high capacity optical commuroaati Sensitising Er doped fiber with
Yb is a well-known technique to broaden the pumgogtition band. In addition, the pump
absorption in Er:Yb co-doped fiber (EYDF) increasgsah order of magnitude compared
to Yb free Er doped fiber, and thus makes it ativadb construct a high power fiber laser

in the 1550 nm band. In fact, an Er:Yb co-dopedrflaser (EYDFL) with an output power
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of greater than 100 W has been reported recen@ly [Bowever, significant Yb co-lasing
at 1060 nm was observed at high pump powers, whitdct degrades the 1550 nm output
performance. In an Er:Yb system, the Er ions aregaahindirectly via energy transfer
from Yb ions. As the pump power increases, moreraode Yb ions are excited, and at
some point the Yb-excitation reaches a level witestarts to lase at 1060 nm, and finally
the energy transfer between Yb and Er ions becobwte-necked’. Therefore, in order to
improve the performance of EYDF at high pump powgrss important to control either
the fiber geometry or the composition that will ptgss the Yb co-lasing at 1060 nm. For
example, a phosphosilicate host is now consideoetet the best for efficient energy
transfer from Yb to Er by preventing the backflowesfergy, and thus increasing the Yb
co-lasing threshold [87]. However, the effect dfeili geometry for efficient operation of
the Er:Yb system has not been fully explored. Here performance of a cladding pumped
EYDHOF laser for operation in the 1550 nm band espnted.

For the fiber laser in the 1550 nm range, the Ercgldoped preform, which was
same as that used in the previous section 3-2-&,engloyed. Additionally, in order to
improve the pump absorption in a cladding-pumpeadigaration, the preform was milled
to make a D-shaped and, as a result, the prefodralthameter of 12.2/11 mm along the
long/short axes. Fibers were then drawn from thefopm with different ODs: 12%um
(F507-LF202-1), 15Qum (F507-LF202-2) and 250m (F504-LF202) respectively. They
were coated with a low index polymer outer claddiwhich provided a nominal inner-
cladding NA of 0.48 for the cladding-pumped confaion. Here, fiber diameters (based
on the long-axis) were larger than that used irptile@ious section, 3-2-1, because the fiber
with small OD does not allow the guidance of thgnal at 1550 nm, as shown in figure 3-
8, due to the loss caused by the fundamental modeft The dimensions of each fiber

were shown in table 3-2.
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Table 3-2. Fiber parameters and calculated guidede number in the core layer

. : Core thickness Hole diameter| Mode number*
Flbezfrlna)meter (um) (um) (@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-shapetithe higher order modes,
such as LB, LPy3 etc, can easily be suppressed depending on tedliokness. However,
the other higher order modes such ag;ldd LB, can be supported and excited easily in
the hollow structure. According to the modal analythe current fibers are multi-moded.
This is due to the large hole size and the high N#e fiber. The calculated guided mode
numbers at 1550 nm for three different fibers (124), and 25@m fibers) are 2, 3 and 8
respectively. Although the current fibers are moibded, single-mode operation is
possible by controlling the NA, hole size and tbheecthickness in the fiber.

The laser configuration is shown in figure 3-10cdinsists of a 6 m long double
clad EYDHOF (bending radius : 20 cm), pumped by & 8t (or 975 nm) fiber-coupled
multimode laser diode through a combination ofiowlking lenses, such that as much as
80% of the pump could be launched into the fibere Tser cavity was formed between
perpendicularly cleaved end facets of the fiber (BBésnel reflections). Two types of
dichroic mirrors (as shown in figure 3-10) were dige the set up; one for separating the
pump from the signals (high reflectivity @ 915-986h and high transmission both @
1060 and 1550 nm), and the other one for separtim&r signal from the Yb signal (high
reflectivity @ 1060 nm and high transmission @ 188f). The small-signal absorption at

the pump wavelength (915 nm) was ~ 1dB/m.
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Dichroic mirror
(HR@ 915 - 976nm
HT@1060, 1550nm) Lens
Residual pump Pump

Er/Yb doped step HOF N (915/975nm)

Dichroic mirror
(HR@1550nm,

HT@1060nm) Lens

Er signal

Yb Slgnal Dichroic mirror Dichroig mirrgr 6 Dichroic mirror
(HR@915 - 976nm (HR@ 915 - 976nm (HR@1060nm
HT@1060,1550nm) . HT@1060, 1550nm) HT@1550nm)
Perpendicular cleave
Er signal Yb signal

Figure 3-10. The laser arrangement for Er/Yb co-ddp@&. HR: high
reflectivity, HT: high transmission

Figure 3-11 shows the laser output characteristios.lasing wavelength was 1535
nm in the case of both the 125 and 150 diameter fibers and 1544 nm for 25 fiber.
The slope efficiencyr() improved significantly with increasing fiber diater, and it was
8%, 10% and 25% respectively (with respect to laedcpump power) for 125, 150 and
250 um fibers. The smaller core thickness fibers shovetatively low slope efficiencies
because the loss at the signal (~1550 nm) is iseckand the induced modal loss is caused
by the fundamental mode cut-off. As shown in fig8#@ in the previous section 3-2-1, the
fundamental mode cut-off wavelength of the fibethwi25pum cladding diameter was
measured, which was ~1570 nm when the fiber wasbeat. The leakage loss of the
fundamental mode start to occur from ~1400 nm acderases rapidly as the wavelength
increases. This reduces the gain at the signal eagti (1544 nm). Otherwise, the light at
1060 nm is well-guided and has a relatively lowslo&s the pump power increases, the Yb
gain at 1060 nm is growing enough to overcome aka tavity loss and co-lasing at 1060
nm is occurring. Furthermore, according to theduosm loss calculation in the previous
section 3-1-3, the induced bending loss near thddmental mode cut-off wavelength, is

very significant. In the laser configuration, then6fiber length was used and it is not
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practically possible to keep the fiber straight theer in order to reduce bending loss.
Hence, it might also cause the significant bendoss at the signal wavelength (~1544
nm) at a relatively large bending radius (~20 cng degrade the efficiency contributed by
Er-ions.

On the other hand, as the diameter increased theo¥Yasing at 1060 nm became
less and less pronounced because the loss at X858 mignificantly reduced and the
energy transition between Yb and Er becomes moeetafé. In fact, for 25@um diameter

fiber we did not observe any 1060 nm lasing antiagimum pump power.

359 Er signal (125um diameter), -~ 8% (n,,.~10%)

4 ® Ersignal (150um diameter), n_ =~ 10% (n_, ~13%)
3.0 4 Er signal (250um diameter), n .~ 25% (n , ~29%) .
. laun abs D,
12 Yb signal (125um diameter), n, ~ 47% (n,,~72%) ’
~ 2.54° Ybsignal (150um diameter), n,, ~43% (n,,.~54%) ) o
= s
~ )
= 2.0
2
o _
o 15
E 4
o 1.0
© ]
-
0.5
0.0
0

Launched pump power (W)

Figure 3-11. Laser output characteristics of Er/6bdoped HOF both at ~1.58n
and 1.0um depending on the fiber diametgiau, : slope efficiency with respect
the launched pump poweras: slope efficiency with respect to the absorbemhpu
power.

Figure 3-12 shows the laser thresholds, both atrier b wavelengths, as a
function of the fiber diameter. The Yb threshold @60 nm was increasing rapidly as fiber
diameter increased. The laser performance of #80diameter fiber was also measured

using a 975 nm pump source with a similar fibeetasetup, as shown in figure 3-13. The
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3 m fiber length was used. 2.5 W of output powet5t4 nm was obtained when 12.6 W
of pump was launched, with a 26% slope efficienethwespect to the launched power
(29% with respect to the absorbed pump power)hawis in figure 3-11. No indications

of Yb-lasing even at maximum output power were oles:

5.0
4.5 ]
4.0 ]
3.5 ]
3_0_- ]
25 ]
2.0 ]
15 ]
1.0 -

0.5+ " —m— Threshold of Er lasing(1544nm)
0.0 ] —e— Threshold of Yb lasing(1060nm)

T T T T T T
120 140 160 180 200 220 240 260
Fiber diameter (um)

Threshold pump power (W)

Figure 3-12. The laser threshold as a function effither diameter.
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g 970nm pump
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Laser power (W)
° ¢

o
a1
1

o
o

2 4 6 8 10 12 14
Launched pump power (W)

o

Figure 3-13. Laser output characteristics of| #&@iameter Ei¥b dopec
HOF when pumped by 970 nm laser diode.
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The differences between the Yb and Er threshold, independence on fiber
diameter, can be attributed to the differencesgna overlap factorsls) and the leakage
loss as mentioned before between the larger andrtadler core thickness.{t) fibers.
Here, the signal overlap factor is defined as ativa of a modal intensity in the doped-
core. Normally, the intensity distribution in a dibat longer wavelength is broader than
that at the shorter wavelength. In the case of EYB§{Qhe overlap factors at each
wavelength are highly dependent on the fiber gepmet contrast to the normal solid core
fiber. According to the calculations, the overlagetbr for toe Of 3.2 um (OD:250um)
EYDHOF is 7.6 times larger thagyt of 2.0 um (OD:125um) at 1550 nm (Er lasing
wavelength). Whereas, the overlap factor at 1060(¥ibilasing wavelength) is just 1.4
times larger in the case of 3uh core fiber compared to the small core one. Thezetbe
small core fiber has a much broader intensity ihgtion and is more attenuated at longer
wavelengths. On the other hand, the thicker coraldvbave the better overlap factor at
longer wavelengths, causing both high gain at $®01nm band and a high threshold at
1060 nm.

The measured beam quality {Mactors of 125, 150 and 250n fibers were 1.5,
2.4 and 5.2 respectively, and were found to be wewgh dependent on the number of
guided modes in the core. The guided mode numbéss@inm for different fibers are 2, 3
and 8 for 125, 150 and 2%0n fibers respectively (Table 3-2). Although thereut large
OD fiber has a beam quality of 5.2, it is possibdeimprove the beam quality by
controlling the NA and the core thickness in tHeefi and thus it is possible to achieve a
single-mode operation in the 1550 nm wavelengtlgean

The beam quality factor (Mvalue) of the fundamental mode (ring-shaped matde)
the HOF is not defined theoretically. This may biéedént from M value = 1 of a purely

single mode (LRY) in a conventional step index fiber. Accordingasimple calculation

-63-



using an existing method [84], the calculated Wlue HOF with small hole (Bm hole
radius) was 1.27. However, when the hole size vmaseased (>8um hole radius),
calculated results showed unreasonable valuethessl. This means that the calculation
method cannot be used for the HOF. Therefore, isramreach a theoretically acceptable
M? value of the fundamental ring-shaped mode in tl¥Hmore serious theoretical and
mathematical research is required and this is dbusicope of this thesis. Throughout the
thesis, the measured®Malue will only be considered, and for the readtm@xpectation

on M? value of the HOF, the fWvalue is measured after the hole in the HOF iapskd.

3-3. Summary

In this chapter, the modal properties of the st€-Hand the laser performance of
Er:Yb co-doped step HOF were investigated. The meopgaty of the step HOF is that it
exhibits the fundamental mode cut-off at a finitawelength depending on the ring-core
structure. This can be used for the distributed Vesngth filter to suppress unwanted
emission in rare-earth doped fiber lasers and densli Furthermore, the ring-core
provides the relatively larger core area compacethé normal step index fiber and it can
improve the pump absorption in the cladding-pumpenfiguration. However for many
applications, the sharpness of the fundamental roateff needs to be improved in order
to use such a fiber as a distributed wavelengtérfiFor example, the laser wavelength in
Er:Yb co-doped step HOFs was 1544 nm, which could b® shifted to the shorter
wavelength (S-band). This was due to the slow dégece on the wavelength of the
fundamental mode filtering, which means that thedaldeakage loss at the shorter
wavelength is also high and it prevents the gaomfrovercoming the ground state

absorption (GSA) at the shorter wavelength (<153(.n
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Laser performance of double clad Er:Yb co-doped H@ also presented. The
maximum output power was 2.5 W at a slope efficyent 26% with respect to the
launched pump power (29% with respect to the alesbyump power) when the core
thickness was 3.21am (OD:250 um). In this fiber, the fundamental mode cut-off was
located at a longer wavelength (~2000 nm), whictbegond the range of the optical
spectrum analyzer (OSA). As the core thickness fnesosmaller, the fundamental mode
cut-off shifts to the shorter wavelength side.Ha tase of the 2,0m core thickness (OD :
125 um), the fundamental mode cut-off wavelength wa$s#0lnm. The slope efficiency
was only 8 % with respect to the launched pump powke degradation of the slope
efficiency was due to the modal leakage loss ama peerlap factor with the doped core at
the signal wavelength (1544 nm) induced by the &mmeihtal mode cut-off in the step HOF.
This was related to the threshold of Yb co-lasin@@0 nm, which was dependent on the
core thickness. In the step HOF with the largerecthickness (the low loss and high
overlap factor at the signal wavelength), the epdrgnsfer from Yb to Er was more
efficient, which increase the threshold of Yb cehtg. Otherwise, the threshold of Yb-co
lasing at 1060 nm was decreased in the step HOFthét smaller core thickness (the large
loss and low overlap factor at the signal wavelengthe current result indicates that the
prospect for significant improvement in the outpoiver from a hollow fiber laser at an

eye safe wavelength is promising.
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PART Il
DEPRESSED CLAD HOLLOW OPTICAL
FIBERS
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Chapter 4. Nd:Al-doped Depressed clad hollow

optical fiber

The hollow structure exhibits the fundamental {{)Pmode cut-off in a finite
wavelength as mentioned in chapter 3. Such a prppérthe HOF allows it to act as a
distributed wavelength waveguide filter. It is maily employed to suppress the unwanted
stimulated emissions in rare-earth doped fibers. &ample, a Nd-doped fiber laser
(NDFL) operating at 930 nm (quasi-three level) ieggithe suppression of the stimulated
emission at 1060 nm (four-level). For the effecthuppression of undesired emissions in a
fiber itself, the fundamental (It mode at that wavelength should escape the cprelya
Otherwise, the desired signal could be affectethkyloss induced by the kPmode cut-
off. In the previous chapter, the fundamental modeoff characteristics of step HOFs
were reviewed. It was noted that the fundamentadencut-off characteristic of the step
HOF was not sharp. In practice, the induced lossea@ by the cut-off affected a broad
wavelength range (~ 300 nm below the fundamentalemuwt-off). In addition, around the
fundamental mode cut-off, the fiber becomes highbnd sensitive, which induces
significant loss around the operating wavelengtthefiber.. Therefore, the step HOF was
not the best solution for the distributed wavelargter.

Considering the pump absorption in the cladding{pwonfiguration, the ring-core
structure is still superior to the normal step-dere fiber because of the relatively large
core area [15]. Therefore, in order to meet the sfiftering chactacteristic and also to
maintain the ring-core structure of step HOFs,ntoalified hollow structure is required. In
this chapter, the depressed clad hollow opticaérfifDCHOF) is proposed and its

waveguide properties and filtering characteristicss presented theoretically and
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experimentally. Using such properties, Nd-doped @EHoperating 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 indexctsire with an air hole at the

center of the fiber, a ring-shaped core_ | surrounding the central air hole, a depressed

refractive index of the first claddingig, ) and a second cladding(,, =1.  49%lica)).

'

nCO

Nclad

Naip

A

v

lair Tco rdip

Figure 4-1. Schematic refractive index structur®6HOF

The air hole radius, the outer radius of the cord #re outer radius of the
depressed clad arg, , r,andrg, respectively . In the same way as with the steg-HO
chapter 3, the weakly guiding condition and theedirty polarized (LP) modes were

assumed for the numerical simulation. The radialeddpnce of the transverse field

component can be written as,
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AOIm(Vr) r <rair

e(r)= Al‘]m(ur)+A2Ym(ur) Vair <r<rco (4_)1
ASIm(W")+A4Km(Wr) rco<r<rdip
AsK . (sr) > Tip

Here,ris the radial positionA (i= 012345)s constant, and . (Y,.,), !, (K, )

are Bessel functions of first (second) kind and ifiredi Bessel functions of first (second)

kind respectively. The mode parameters are defisem, u=+niké - B2,
w=,/B% -n ki, and s=4/B%-ni ki , where 8 is the propagation constant of the

mode andk, is the vacuum wave number. We can define a mdtdtve index ) as
ng = B1k,. The field and its radial derivative must be combins at the three boundaries
(r=rgy,r=r,andr=r, )and can be written as,

e(rair -) = e(rajr +)

de(ry, =)/ dr = de(ry, +)/dr
&(reo =) =€ +)

de(r,,—)/dr = de(ro, +)/ dr (4-2)
&(rgip—) = &(gip +)
de(rg, )/ dr =de(rg,+)/ dr
From these conditions, the characteristic equasiaibtained as follows:
I m(vrair) _‘]m(urajr) _Ym(urajr) 0 O 0
vl (vr,) —uJ (ur,) -uY,(ur,) 0 0 0
0 J,(ury) Y, (ur,) -l,0wr,) —K (wr,) 0
, , , , =0 (4-3)
0 —ud(ury)  —uY(urg)  —wip(wr,)  —wiK (w) 0
0 0 0 | m(Wrdip) Km(Wrdip) - Km(srdip)
0 0 0 wi ;n(Wrdip) WK;n (Wrdip) - SKm (s dip)

(Y )1 (K, :derivatives ofd_ (Y. ), 1. (K, )
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All mode properties such as mode field or guidimgperties are functions of the
propagation constanf. The characteristic equation (4-3) can be solvaaherically for
the quantized propagation constafit. Once S is known, each mode parameter,
v,u,wand s, can be obtained and also the mode profile anduteff wavelength of each
mode can be estimated.

The DCHOF was designed for a NDFL operating at 880 In the case of the
NDFL, there are two strong emission bands, 930nns®an band Fs>%e) and
1060nm Fs>>%112). In order to improve the laser preformance at388 nm emission
band, the suppression of the strong four-leVek>*l11,) transition in the 1060 nm
wavelength range, is required because the stintllataission at 1060 nm strongly
competes with the 930 nm emission. For this sugpras the distributed wavelength

filtering is one option.

4-1-2. Effective indices of guided modes in DCHOFs

In order to investigate the fundamental modeattibf the DCHOF, the effective
index of the LB, mode was calculated, based on the characterigtiat®n which was
shown in the previous chapter. For this, both #feactive indices (@ and njy) of the ring-
core and the depressed clad were fixed, which gesva NA, of 0.09 @An,, = ~ 0.0027)
and a NAy, of 0.08 Qngip ~ 0.002) in the core and the depressed clad régelgc This is
with respect to the silica outer cladding. In gahethe refractive index of the core and the
depressed cladding was mainly determined by theposition of materials deposited
during the MCVD process.

Other variable parameters in the DCHOF are thénale size, the depressed clad

width and the core thickness. For simplicity of thenerical simulation, both the air hole
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and the depressed clad size were fixedanZor the radius and gm for the width. If the
refractive index of the core is fixed, the fundata¢mode cut-off wavelength is mainly
determined by the core thickness rather than byrogfarameters. In order to get the
propagation constants of each mode, the charaatergiuation (4-2) was solved
numerically. Figure 4-2 shows the effective indearmges of the fundamental ({J°Pmode
as a function of core thickness and wavelength, revitbe bold line indicates the
fundamental mode cut-off wavelengths at differarechicknesses.

For the NDFL operating at 930 nm, the fundamentalden cut-off should be
located between the four-level emission band at01661 and the quasi-three level
emission band at 930 nm. In order to meet this itimmd the core thickness will be ~ 3.9
um in figure 4-2 (dotted line). If the core thickseas increased, the fundamental mode cut-
off wavelength shifts towards longer wavelengthdie Tfundamental mode cut-off
wavelength also depends on both the hole size haedwidth of the depressed clad.

However, their effects are not significant compatieethe variation of the core thickness.

1.46

PT A NEE nR T T B

1450~
1.4505~""

1,458~

Effective index (a.u.)

14575

A
10

Core thickness (um)

Figure 4-2. The variation of effective indices d%L mode dependin
on wavelength and core thickness; thec.N&nd NAy, are0.09 anc
0.08 respectively, the width of depressed cladpasn8nd hole radiu:
IS 2um.
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Figure 4-3 shows the variation of effective indicéshe LR; mode at 1060 nm as
a function of the width of the depressed clad #exknt hole radii. Here, the NAof the
ring-core and N4, of the depressed clad were fixed as 0.09 and i@$§gectively. The
core thickness was also maintained at the sameevafu3.8 pm and the operating
wavelength was 1060 nm. As shown in figure 4-3thiea case of Jum hole radius, at a
range of < 3.8um, if the width of the depressed clad becomes smahe effective index
of the fundamental mode is increased and becong®hthan the refractive index of the
silica cladding, which indicates that thed.hode is guided through the ring-core at 1060
nm. On the other hand, when the width of the deyaiblad is higher than 3u8n, there is
no eigensolution for that case, which means trexetis no guided mode through the core.
In addition, the hole size also affects the fundat@lemode cut-off wavelength. The large

hole size compensates for the small width of theeksed clad.

1.4576

1 um hole radius
............... 2 um hole radius
------- 3 pum hole radius
— oo 5 um hole radius

1.4575 ~

1.4574 N>,

1.4573 A

Effective index (a.u.)

1.4572

N LPo; mode cut-off shift
\'.\;’L’...

1.4571 T T P
1 2 3 4 5 6

The width of depressed clad (zm)

Figure 4-3. The variation of effective indices d?kL mode dependin
on the hole radius and the width of depressed thedNA of ring core
and depressed clad are 0.09 and 0.08, core thEks&s8um andthe
operating wavelength is 1060 nm.
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Table 4-1 shows the variation of the fundamentatiencut-off wavelength around
1060 nm when each fiber design parameter is vaflibd.variation of the core thickness
and the NA, results in the large movement of the fundamentadiencut-off, while the
width, NAgj, of the depressed clad and hole diameter makekativedy small effect on
that. Therefore, critical fiber parameters are bibid thickness and NA of the core. In
general, the N4, of the fiber is determined by the compositionted fiber core material in
the MCVD and solution doping process (eg. soluttomcentration). The fiber drawing
process determines the fiber core size. For a pmgeoff wavelength, the core NA should
be initially designed and controlled through thefprm fabrication process and later, by

varying the fiber diameter in drawing process,réguired core thickness is achieved.

Table 4-1. The variation of the fundamental modeattiwavelength depending on the
tolerance of each fiber parameter.

Fiber : The width of .
parameter Core thlcknesaepressed cIaUOIe diameter  NAg NAgip
Tolerance +1 um +1 pum +1 um +0.01 +0.01
LPo; mode
cut-off shift | ¥0-31um | #0.01pm | 0.04pm | +0.16um | +0.04pm

Depending on the hole size, the DCHOF can be mmiiled at a certain
wavelength, similar to the behaviour of the stepR;i6hown in the previous chapter 3.
Figure 4-4 shows the effect of the hole size oeatiVe indices of LR, LP:i, and LB
mode at 930 nm as a function of the hole radiuse Hbe core thickness wasith and the
width of the depressed clad wagu8. The NAs of the core and the depressed cladding
were 0.09 and 0.08 respectively. This correspoodké LR; mode cut-off wavelength of

1060 nm in the fiber. The operating wavelength @88 nm. Here, the L mode at 930
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nm appears above [im of the hole radius and then, aboveltB of the hole radius, the
other higher order mode, kPmode, is excited in the core. The larger hole gasily
causes a multi-mode guided core at 930 nm. Therefiororder to maintain a single-mode
guiding in the core, the small hole radius is pmefé. The hole radius should be less than 5
um. In figure 4-4, with the small hole size, theeetive index of the L{2 mode is
increased, which means that such a mode can benednhore strongly in the core and
becomes more resistant to the bending loss. Thassmall hole size in DCHOF is better
than the large hole size. However, the small ke accompanies the small core area in
the DCHOF and thus, it is not the best choice fm$eof the pump absorption in the
cladding-pump configuration. Therefore, when theHWF is designed, both hole size and
core thickness should be considered properly. Hate is initially determined in the
preform in the MCVD process by controlling the meh diameter in final collapsing
process. This is done by controlling the collapsiegperature and maintaining the gas
flow (or pressure) in the tube. ~1 mm of the filale size and ~12 mm of the final
prefrom diameter is regularly obtained in the perfoThe refractive index profile is
measured by the preform analyzer (P104, York Teldgyp. It is a critical part of the
fabrication process to provide a desired hole aimt it also determines the core thickness
in the preform. However, during the fiber drawingogess, the hole size is varied
depending on the drawing conditions such as furtero@erature and drawing speed. For a

desired DCHOF, all the fiber fabrication processusdtl be carefully managed.
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Figure 4-4 The effects of hole size on core guiding charties of
Nd/Al-doped DCHOFA : 930nm, core thickness : gm, the width ®
depressed clad : j@m, core NA and depressed clad NA.09 and 0.0

respectivel

4-1-3. Modal field distribution in DCHOFs
It is important to investigate the modal field distition in the fiber because it
determines the overlap factor with the doped cetech is one of the important factors for

the estimation of the gain in rare-earth dopedréibin this section, the mode field shape

Hole radius (um)

and overlap factor with the doped core in the DCHOpresented.

From the characteristic equation (Equation 4-33, ghopagation constantg8)(and
the parameters,u, w,and s are calculated in the same manner as with the I8@F in
previous chapter. Figure 4-5 shows normalized mduddl distributions of different
guided modes (L&2 and LR;) in a DCHOF with a hole radius of gm and a core

thickness of 4um.. The width of the depressed clad wgs& The corresponding NAs of
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the core and the depressed clad were 0.09 andé&sp8ctively. The operating wavelength
was 850 nm, which was chosen to investigate tHd 8hape of the LR mode. At this

wavelength, other higher order modes {1.RPs;; and LR etc.) do not exist in such a core

structure.

LPO1 mode LP11 mode

Normalized field
Normalized field

X [um] Z y [um]

Figure 4-5. Normalized modal field distribution @) LR,; mode and (b
LP;1 mode at 850 nm in the DCHOF; core thicknesgny the width of th
depressed clad :|@n, hole radius : im, NAc, : 0.09 and N4y,: 0.08.

Using a modal field distribution, the modal overfaptor of the signal in the fiber
useful for an estimation of the gain in rare-eaitped fiber, can be obtained. In general, a
large overlap factor gives the large gain. In thep HOF, as presented in the previous
chapter, the overlap factor of a signal was sigaiitly reduced near the fundamental mode
cut-off wavelength and the mode field diameter (MEDthe signal was increased, which
indicates that the modal power easily leaks oumfrine core to the cladding (modal
leakage loss). This was experimentally demonstratéide Er:Yb co-doped step HOF. The
laser efficiency was significantly decreased dueh® reduction of the overlap factor.
Contrary to this, for the DCHOF, the optical fiedldes not get broadened even near the
fundamental mode cut-off and is much less attewyatdnich means that it has a more

distinct fundamental mode cut-off characteristiguFe 4-6 shows normalized modal field
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distributions in the DCHOF with several differemre thicknesses at 900 nm. Other fiber
parameters were same as used in figure 4-5. Tdisates that the signal overlap factor

with a ring-core will not be significantly changatdifferent core thicknesses.
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Figure 4-6. Normalized modal intensity distributiohLPy; mode in the
DCHOF at 900 nm for different core thicknesses (8§ 4.0um, and 5.0
pHm

In order to verify this, the change in overlaptéaavith the ring-core as a function
of the wavelength at two different core thicknessavcalculated, as shown in figure 4-7.
Even at the wavelength close to the fundamentalenood-off, the overlap factor with the
ring-core is well-maintained at more than 70%, Wwhe&nables very effective practical

separation of the desired wavelength from the urettband.
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4-1-3. Bending loss properties in DCHOFs

In the previous chapter, the step HOF shows vegki bending sensitivity near the
fundamental mode cut-off wavelength. The bendings levas significant on a broad
operating range (~ 300 nm) and was increased bwddéional coiling of the fiber. The
bending loss is detrimental in order to obtain argHiltering between desired emissions
and undesired emissions. On the other hand, the@Kshows improved performance in
the slope of the filtering characteristic compatedthe step HOF. Figure 4-8 shows
effective indices and bending loss of theglPnode as a function of wavelength at
different bending radii. Here, the core thicknesswum and the width of depressed clad
was 8um. The NA of the ring-core and NA of the depresskdiding were 0.09 and 0.08

respectively. The bending loss was confined toréhatively narrow range, only ~ 60 nm
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compared to the step HOF, which is good for theshiliering of the unwanted emission
as well as to maintain low loss at the operatinthatdesired wavelength e.g. 930 nm for
Nd-doped fiber. In addition, the fundamental modeaff wavelength shifts effectively to

shorter wavelengths by bending of the fiber.

Effective index of LP  mode ~100

—~  1.4506+
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Figure 4-8. Effective indices and bending lossefuastion of wavelength. The
core thickness : im, the core NA : 0.09, the depressed clad widtlhum@the dip
NA : 0.08, and the Hole radius j¢n.

4-2. Nd:Al-doped DCHOF laser operating at 930 nm

To date, the output power of fiber lasers and diepdi has been significantly
increased. In particular, the cladding-pumped Ypetbfiber lasers have already beem

achieved kW level output power [5, 6] at Juth (four-level system), which can compete
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with solid-state lasers in many applications sushnaaterial processing. However, a
relatively low pump absorption in the cladding-pusgnfiguration, compared to the core
pumping configuration, still remains challenge @alizing three (or quasi three)- level
fiber lasers and amplifiers such as the 930 nnr lagged on Nd-doped fiber. This is due to
the unwanted four or quasi-four level laser traosithat competes with the three level
laser transition which has the high threshold du¢he ground state absorption (GSA).
Therefore, in order to realize the high efficieranyd high power of the three-level fiber
laser, the high pump absorption and the suppressidhe unwanted four (quasi-four)-

level transition are essential.

There are several approaches to realize NDFL dpgrat 930 nm. One of the
options is to reduce the GSA. At very low tempemrduNd ions in the silica glass host act
as a four-level transition system at 930 nm, whéetables the reduction of the laser
threshold. Using this, a cladding-pumped, nitrogealed, high power 938 nm amplifier
was demonstrated [88]. However, this is not pratiic real applications. Another option
is to use a host material with favourable spectipgat 930 nm such as germano-silicate
[50]. However, in the case of the germano-silictte, solubility of Nd-ions in such a host
is so low that it makes the 930 nm laser ineffitieecause of the longer device length and
hence the increase in the background loss [12bhtr@ry to this, the alumino-silicate host
has the improved solubility of Nd-ions without aieas concentration quenching [112].
Finally, a distributed wavelength filter that suegs the four-level emission at 1060 nm
can be used. For this, the filter should be diatell along the fiber. Otherwise, the gain at
1060 nm is so high that the strong emission at suckavelength would prevent the
amplified emission at 930 nm and degrade the leffietency in this wavelength.

Several types of the fiber have been suggestedoOihese is W-type fibre and the

other is DCHOF which is considered here. As desdriim the previous section, DCHOF
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also has the fundamental (i mode cut-off at a certain wavelength. It providae
distributed wavelength filter characteristic. Poasly, using W-type fiber, a high power,
high beam quality 930 nm Nd-doped fiber laser wasahstrated [8, 51]. However, it is
difficult to scale to large core areas becausehd tore area becomes bigger, the
fundamental cut-off cannot be maintained at there@ésvavelength. By reducing the core
NA, the core area can be increased but, the lowfibg makes the cut-off less distinct. In

order to solve this, the DCHOF is suggested inttesis.

4-2-1. Comparisons among \Atype fiber, step HOF and DCHOF

As mentioned before, the stimulated emission &0Xim should be suppressed for
an efficient NDFL operating at 930 nm. In orderdo this, the distributed wavelength
filter can be used. There are several types of dibeh; W-type fiber, step HOF and
DCHOF, which was presented in the earlier cha@enerally, such fibers have a common
feature in a refractive index structure, which isegative dielectric volume. It means that
an average refractive index at the core area sstlean that of the cladding [14]. In that
case, the effective index of the fundamental maate ke lower than that of the cladding,
where the fundamental mode is leaking from the.core

For W-type fiber, the refractive index structurensists of an index-raised core, a
depressed clad around the core and a cladding. dEpeessed clad around the core
decreases the average refractive index of the Gtwerefore, in W-type fiber, the design of
the depressed clad is critical to obtain the funelatad mode cut-off at the required
wavelength. Both step HOF and DCHOF have the saaueife as W-type fiber, where the

hole plays a key role in reducing the average céfra index of the core. In this section, in
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order to find out the appropriate fiber structuoe the NDFL at 930 nm, three types of
fibers; W-type fiber, step HOF, and DCHOF, are cameq.

Figure 4-9 shows the variation of the effectiveexddf LR; and LR; mode for
different fibers. Here, the fundamental mode ctitvedis set at 1100 nm for all fibers. In
order to do this, the NA of the core was fixed &@@90for all fibers. The NA of the
depressed clad in both DCHOF and W-type fiber w@8.0The hole radius waspm for
both DCHOF and step HOF. The core size was onlyedain order to set a similar
fundamental mode cut-off wavelength. In order todfieffective indices at each
wavelength, the characteristic equation of eackrfistructure was solved, which was
shown in chapter 3. As mentioned before, the effechdex determines most of the modal
characteristics such as, a modal leakage loss,ifgpendss, and modal dispersion. In
addition, the decay slope of effective indices deiees the sharpness of the modal cut-off.

In figure 4-9, in the case of the DCHOF, a reldtiviaster decay of effective index
of the fundamental mode compared to other fibers eidained. On the other hand, in the
step HOF, the decay rate of the fundamental mofietafe index is very slow and the
effective index at each wavelength compared torofibers is small. It means that the
mode is poorly-guided and it experiences a highdlenloss. W-type fiber shows a
similar decay rate of the fundamental mode with E3FH Therefore, DCHOF and W-type

fiber show the similar steepness of the fundamentale cut-off.
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Figure 4-9. Effective index changes of hRAnd LR; mode as a function «
wavelength for three different fibers; Wpe fiber, DCHOF and Step HOF. T
silica cladding index : 1.45.

However, there are big differences in the core afeauch fibers. As shown in
figure 4-9, the core area of the DCHOF is 5.5 tinaeger than that of the W-type fiber,
which is an advantage of the DCHOF over W-type rfilie the cladding-pumping
configuration. Large core area fiber can normaligvde the large pump absorption and
also mitigate fiber nonlinearity. Moreover, it gaatees relatively high extractable energy
in a gain medium. These are, in practice, the nfiber design features for high power
fiber sources. In addition, a single mode operatiba wanted wavelength is also preferred
in most applications. As mentioned in the previchapter, the higher order mode (LP
mode) is more easily excited in the hollow struetuks shown in figure 4-9, for both of
the DCHOF and the step HOF, the higher order meduare easily excited, contrary to

the W-type fiber, and the single mode range istikedly narrow. The single mode range
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can be widened by reducing the hole size, as gesthe reduction of the core area. If the
hole size is properly controlled, the core arebnenDCHOF can be increased by a factor of
4 ~ 5 compared to the W-type fiber, whilst still intaining a single mode output at a
desired wavelength.

The low effective index of the fundamental modarneut-off wavelength causes a
high bending loss, which is an important propeny investigating the modal cut-off
behaviour. Figure 4-10 shows bending loss for thypes of fibers, which have the cut-off
wavelength of the fundamental mode as shown indig9. Here, the bending radius was
10 cm. In the case of the step HOF, the bendingdbshe LB, mode, is rapidly growing
over 50 dB/m at 930 nm although the theoretica); lRode cut-off wavelength was same
as with other fibers. This is due to much loweeefive index at 930 nm compared to other
fibers. If the fiber is straight, the bending lassot induced at 930 nm. However, if the
relatively long length of the fiber is used, itnist practical in real fiber devices. Otherwise,
both the DCHOF and W-type fiber show significanktbw loss at 930 nm, while the
bending loss near the cut-off wavelength of thedamental mode is extremely high,
which prevents the effective separation betweendmassions at 930 nm and 1060 nm in
the Nd-doped silica fiber system. The high 10s&@80 nm is good for suppression of the
stimulated emission at 1060 nm in Nd-doped fibedd@\In the DCHOF, the induced loss
by coiling the fiber is much higher than the lasshie W-type fiber. In figure 4-10, the loss
difference between 930 nm and 1060 nm is ~ 50 dBf CHOF and ~ 1.6 dB/m for W-
type fiber respectively at the same bending radiuem this, DCHOF represents sharper
cut-off characteristisc than W-type fiber and thuss,will provide more effective

suppression of the unwanted suppression at thetomgvelength.
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Figure 4-11 presents the variation of the overkgidr of the fundamental mode as
a function of the wavelength. The overlap factoingportant because it is one of the
parameters determining the signal gain [78]. Irothigafter the fundamental mode cut-off,
no modes can be guided through the core, at whiaht phe overlap factor will become
close to zero, which means that the mode cannairotite gain. In practice, in the double-
cladding fibers, the escaped beam from the colieegtsts in the inner cladding (cladding
modes), which will then overlap with a small porti@f the doped core, which can
experience the gain. However, due to the large @tithe cladding to the core in normal
double clad fibers, the portion of the overlaph# tladding modes is so low that it can be
neglected. In figure 4-11, for the DCHOF and W-tyijzer, the overlap factor of the
fundamental mode, depending on the wavelengthelsmaintained with a large value (>

80%), while after the cut-off wavelength of 1100 ,nincould not be calculated. On the
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other hand, for the step HOF, the overlap factorthef fundamental mode gradually

decreased, contrary to the other fibers. Moreother,overlap factor becomes as low as

10% just near the fundamental mode cut-off waveleng
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Figure 4-11. The overlap factor of the hPmode as a function
wavelength for three different fibers; Wpe fiber, DCHOF, and Ste

HOF

Based on the above simulation, both the DCHOF\rype fiber is suitable for a

NDFL at 930 nm. However, in the cladding-pump cgufation, the large core area (the

large doped area) is generally preferred. By redutie NA of the core, the core size can

be increased. In DCHOF and W-type fiber, how latige core can be scaled up to is

investigated. Figure 4-12 shows the available epea as a function of the NA of the core,

where the fundamental mode cut-off was set at XtBGor both the DCHOF and W-type

fiber. In addition, the width and NA of the depred<lad was also same, au® and 0.08

respectively. The core area in the DCHOF is 3-brtes larger than that in the W-type

fiber, depending on the core NA, and thus the DCHB&ws a more scalable core area
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than the W-type fiber. Therefore, DCHOF can provide larger pump absorption, the
larger extractable energy, and relatively low filbb@nlinearity. Due to these benefits, the

DCHOF was chosen for the NDFL operating at 930 nm.
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Figure 4-12. The variation of the core area asatfan of the core NA for th
DCHOF and W-type fiber; Hole radius of DCHOF p@, The width and N/
of the depressed clad pusn and 0.08 respectively .

4-2-2. Experimental investigation of continuous was (CW) Nd-doped

DCHOF laser operating at 930 nm

A Nd:Al-doped DCHOF was fabricated using standai@\ND and solution doping
techniques. A depressed clad is formed by addiegctirrect level of boron into silica
matrix and a hole was left in the centre of prefatnthe final collapsing process. The hole
diameter was ~ 0.8 mm. Fabricated preform (LF22&3 willed to a double D-shape in

order to improve the pump absorption in the dopeck.cThe flat side (D-shaped) was
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formed asymmetrically. The NA of the ring shapedecand the depressed clad was ~0.09

and ~0.078 respectively. The core thickndssi(, —r, ) was ~ 0.2 mm and the width of

the depressed clad was ~0.55 mm. The index steuctuthe fabricated preform is shown
in figure 4-13 (a), which was measured by the prafanalyzer (P104, York Technology).
Due to the very low refractive index of the air éaothe hole size and the core thickness
may not be accurate and thus, it was used forailgh estimation of the preform structure.
The preform was drawn to a fiber (F574-LF227) withO um inner-cladding
diameter and coated with a low-index polymer (UVF3from LUVANTIX) outer
cladding, which provided a nominal inner-cladding bif 0.48. The core comprised of a ~
4 um Nd-doped ring around an air hole of 3.8 diameter, and the width of the

depressed cladding is 7u8n. The pulled fiber cross section is shown in Fegal3 (b).

Measurement: @@44, at 14:45 on 4 PUG 84; Step size: 5 microns YORK

P14 Ser. no: 1038 , Sample code: HDHOF TECHINOLOGY
fixial position: @ mm, Pngle: € degs TECHNOLOGY
r

mpex  f = PROFILE

Radius (mm}

(@) (b)

Figure 4-13. (a) Measured refractive index struetof the fabricated preform
(LF227) and (b) thimicroscopecros«-sectionimage ofpulled Nd-doped DCHOF

Using the structure of the fabricated fiber, thedadocharacteristics of such a fiber
geometry were calculated. Figure 4-14 (a) showsefifective indices of the fabricated
fiber for different modes. Here, two important tgnare noticed. Firstly, the fundamental

mode cut-off is ~1000nm as expected. As showngurei 4-14 (b) and (c), the modal field
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is confined in the core at 930nm but this ring cdoes not guide any light at 2060nm.
Secondly, the cut-off wavelength of the;kifhode is 0.um. Figure 4-14 suggests that the
single mode operation range in the DCHOF is narrahen W-type fiber as mentioned in
the previous section (figure 4-9). Also, the othigsher order ring modes such aspkBnd

LPo3 are not supported in this structure
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Figure 4-14. (a) Effective index change of diffdrerodesof the DCHOF (b

the guided LB, mode field at 0.93m (c) the LB; (cladding)mode field a

1.06um filtered out from the core.

The fundamental mode cut-off wavelength of theitated Nd:Al-doped DCHOF
was ~1030 nm as shown in figure 4-14 (a). Thigditwvell with the measured cut-off
wavelength, which is deduced from the white-liglansmission measurement shown in
figure 4-15. Moreover, the loss difference betw®3® nm and 1060 nm is around 15
dB/m. With additional bending, the loss at the #ftowavelength is increased, which
means that the fundamental mode cut-off is effetfishifted to the shorter wavelength

with bending. The excessive coiling of the fibeusas a significant loss at 930 nm as well.

Thus, the bending radius of the fiber is propeduteolled to achieve the maximum output
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power at 930 nm. The cladding absorption from thetevlight measurement was 0.48

dB/m at 808 nm.
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Figure 4-15 Spectrum of transmitted light from a tungs
filament lamp (fiber length : 1 m, OSA resolutioh nm)

The Nd:Al-doped DCHOF was pumped by a 808 nm multien laser diode
through a combination of collimating lenses anchchec mirrors. As much as 60% of the
pump power could be launched into the fiber. Fiestsimple laser cavity was formed
between perpendicularly cleaved end facets of ithex,fproviding 4% Fresnel reflections
as shown in figure 4-16. Dichroic mirrors (highleetion at 930 nm, high transmission at
808 nm) were used to separate signal and pump b&drasfficiency of the NDFL with
different lengths was measured in order to findptimum length. The bending radius of
the fiber was 20 cm. In figure 4-17, for a 12 mddiber, the output power reached 2.4 W
with a slope efficiency of 45% with respect to diesorbed pump power. The threshold
was 2.2 W of absorbed pump power. The variatioslape efficiency depending on fiber

length is related with the propagation loss inahgdground state absorption (GSA) and
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induced bending loss at 930 nm. In addition, tigaali that leaked out from the core still
existed in the inner cladding, which also expergnthe gain. It causes a loss as well and

degrades the efficiency of the fundamental modedgs the core.

Laser output

(930 nm) Nd:Al doped DM1 zforgg
DCHOF itk
mode)

Residual

O
N

Perpendicular-aser output
cleave 930 nm)

YE

M2 DM1

N

Figure 4-16. Laser configuration (4% Fresnel reitets) of Nd:Al-dopec
DCHOF. DM1 : HR@808nm HT@930nm, DM2 : HR@930nm&@106C
HT@808nm *DM : Dichroic Mirror *HT : High Transmigsn *HR : High
Reflection. Bending radius : 20 cm
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Figure 4-17. Laser output characteristics of Nddaped DCHOF ¢

different fiber lengthsn=slope efficiency with respect to the absor
pump power
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Next, the laser configuration using an externatiggawas constructed in order to
check the tuning range of Nd-doped DCHOF at 930asmshown in figure 4-18. Here, one
end of the fiber was perpendicularly cleaved (4%sRkel reflection) and the other end was
angle cleaved to suppress wavelength-independedb#&ek. The laser cavity was formed
between the 4%-reflecting perpendicular cleave atehs-coupled diffraction grating in a
Littrow configuration. The first-order diffractioefficiency was 60%. The single-pass

pump absorption was 6.8dB.

Dichroic mirror Lens
Dichroic mirror (HR @ 808nm
(HT @ 915 nm HT @ 930 nm) Pump diodd
HR @ 808 nm) Nd:Al doped DCHOF (808Fr)1m)
Lens
Dichroic mirror
. (HR @ 808 nm
i 1 HT @ 930 nm)

. / Dichroic mirror
Perpendicularly cleaved (HR @ 930 nm

HT @ 808 nm)
Nd signal (930 nm)

Diffraction grating
Angle cleaved end of DCHOF

Figure 4-18. Laser configuratiomith an external grating in Littow configuratis
and single ended output for Nd:Al doped DCHOF 41 861

The residual pump was re-launched into the fibaravimirror with high reflectivity
at 808 nm. Figure 4-19 shows the laser output cherniatics for a fixed grating position.
The induced bending radius was 20 cm. The slopeiaity was 41% with respect to the
launched pump power with a maximum output power3d® W at 929 nm, and the
threshold was 2.5 W of launched pump power. Thetims figure 4-19 shows the laser

output spectrum at maximum pump power.
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Figure 4-20 shows the tuning characteristics oftdNwhen the output power at 929

nm was 2.2W. The laser was tunable from 917 nn8érfn.

2.4—-
2.2—-
2.0—-
1.8—-
1.6—-
1.4—-
1.2—-

1.0

Output power (W)

Laser ouput (a.u. dB scale)

0.8 1

0. 6 - . 900 ‘ 910 920 930 i 9&‘10 950
4 Wavelength (nm)

0.4 . , . , . ; , .
915 920 925 930 935 940

Wavelength(hm)

Figure 4-20. Laser tuning characteristics of 93ManAl-doped DCHOF
at 2.2W output power. Inset : tuning spectra
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The beam quality factor, flat 929 nm was measured using the beam profiler
(DataRay Inc.). According to the calculation, thiser will support only the fundamental
mode (LR,) at 930 nm. Since the fiber has a ring shaped toefundamental mode (kP
mode) is expected to have a ring shaped field ibligton, which is different from the
normal Gaussian mode, and thus thewdlue would be higher than unity. We measured
M? = 1.3, which is quite similar with the calculateld value of the ring-shape mode in the
previous chapter. Next, we measured thevilue after collapsing the hole in the output
end of the fiber in order to obtain the GaussiaanheThe measured Walue was 1.05,
which means that this fiber laser is truly singled®s, in agreement with our modelling.
The power penalty after collapsing the end of fiamas around 5%, which shows that the

collapsing process does not have significant impadhe output power.

4-3. Q-switched laser operation at 930 nm using NAI-
doped DCHOF

4-3-1. Introduction to Q-switched NDFL operating at930 nm

Q-switched fiber lasers can generate energeticsgnomd pulses in a compact, simple,
and robust way [89], and are of interest for aglans in industry, sensing and medicine.
Recently, a Q-switched cladding pumped Yb-dopedrfiaser that could generate pulses
in the mJ regime operating at ~Jut was reported [90]. While the highest pulse emsrgi
have been reached with Yb-doped fiber lasers swhaivelength regime, other applications

require other wavelengths. For example, a Nd-ddienl laser (NDFL) at 0.um can be
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frequency-doubled to generate blue light for dig@aplications. However, operation of
this three-level laser around 930 nm, from thelléFg, to the ground statél§;,), is much
more challenging because of the competing unwarftad-level laser transition
(*Far2 > Y111/ at ~ 1060 nm with lower threshold. This is partigly so with high-energy
pulses and cladding-pumping. With cladding-pumpthe, obtainable Nd excitation levels
are relatively low. Re-absorption reduces the gaif30 nm relative to that at 1060 nm in
this regime. The extractable energy from a fibsetas proportional to the achievable gain
at the operating wavelength (930 nm), but normtilig is restricted to a relatively low
value because of the higher gain at 1060 nm. Thusefficient high-energy pulse
generation at 930 nm, it is necessary to supphes4@60 nm gain so that a high 930 nm
gain can be achieved. In addition, for high peakvgrs, an aluminosilicate host is
attractive due to the relatively high permissibld-&dbncentration. This helps to keep the
fiber short and thus to suppress nonlinear scage(e.g., stimulated Raman scattering).
This is important with the high peak powers ofteaahed in the pulsed regime. However,
the Nd-spectroscopy in aluminosilicate is partidylaunfavorable with regard to the
relation between the 930 nm and 1060 nm gain, astiomed before [9]. Therefore,
distributed filters have been used to suppressusited emission at ~ 1060 nm and thus
enable operation at ~ 930 nm. Previously, a W-tfiper that exhibits a non-zero
fundamental mode (LgD) cut-off have been used for this [37]. With propesign, the W-
type fiber can have a cut-off for the fundamentalden between the two neodymium
emission bands, so that the fiber does not guid€®D&® nm. By contrast, a conventional
step-index fiber in theory guides the fundamentaldenfor all wavelengths. Recently,
several watts of output power at ~ 930 nm was tepgofrom a single-mode Nd-doped
aluminosilicate W-type fiber [8, 46], but that wiasthe continuous-wave regime or with

pulses of relatively low pulse energy (up to ~40). A reason for this is that W-type fibers
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are difficult to scale to large core areas. A lazgee allows more energy to be stored in the
fiber. Moreover, with cladding-pumping, since thanp absorption length is proportional
to the inner cladding / core area ratio (if theefilis doped throughout the core), it allows
also the inner cladding size to be increased whistintaining an adequate pump
absorption. Thus higher pump powers in larger-diempump beams can be used. A
larger core also counteracts the nonlinear intemacs well as optical damage. However,
in order to maintain the cut-off wavelength betw®&3® and 1060 nm as the core size is
increased, the numerical aperture (NA) must beageduUnfortunately, this makes the cut-
off less distinct, and the difference between pgapian loss between the two emission
bands decreases. As a result, the gain that caacleved at 930 nm decreases. An
additional limitation is that guidance becomes pabrtoo low NAs. It is therefore of
considerable interest to find alternative fiberiges, which allow for a larger core size
than the conventional W-type fiber does, with antained cut-off behavior. One solution
is to use a DCHOF presented in this thesis. In #aistion, a Nd:Al-doped DCHOF

structure is used to demonstrate a Q-switched 830IDFL.

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 WWefiber and DCHOF are
used as mentioned before. In the previous sectton,cw Nd:Al-doped DCHOF laser
operating at 930 nm was experimentally demonstrdteadrder to investigate the core-
scalability and hence the Dbetter extractable endrgypn a Nd:Al-doped DCHOF a
theoretical comparison between W-type fibers andHDE is again studied in detail in the

following section.
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Figure 4-21 shows the result of numerical calcafeiof the effective index and

bending loss of the fundamental mode for diffel@@HOF and W-type fibers. Although

the fiber parameters are different, they all haweitaoff wavelength of ~ 1060 nm, which

is suitable for 930 nm NDFLs. Here, the DCHOF duite is the same as that used in the

previous section.
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As shown in figure 4-21 (a), larger-area cores haweeaker dependence of the
effective index on the wavelength, i.e., a lessirs cut-off. This compromises the ability
to scale up the core area whilst maintaining adequevelength filtering. Furthermore,
the DCHOF shows a stronger dependence than thep®@/ffityer does.

The sharper cut-off of the DCHOF can be traded ddiarger core, making it
possible to increase the doped area significantystvmaintaining adequate suppression
of the 1060 nm emission. For the same refractigexnof the core, the core area in a
DCHOF is found to be ~ 5 times larger than for atyye fiber maintaining the same
fundamental mode cut-off characteristics as shownfigure 4-21 (a). Therefore,
intrinsically, the DCHOF can have ~ 5 times largerergy storage than W-type fiber
because the stored energy is proportional to thre epea if all other factors remain
identical. Obviously, by reducing the core NA, ttwre area of the W-type fiber can also
be increased. However, as shown in Figure 4-21tfie),low NA W-type fiber (dashed
line) shows much higher bending loss at 930 nm thedsharpness of the fundamental
mode cut-off is considerably degraded. The degmawalaif the sharpness remains also at
larger bend radii with more appropriate, but stildequate, loss spectra. Furthermore, the
core area is still less than the DCHOF with thehbigNA. The DCHOF is therefore
promising for fiber lasers that require a shortspfger and a large core such as cladding-
pumped high energy NDFLs at 930 nm.

Figure 4-22 shows the laser setup used for the i@tawg experiment. A 13 m
long Nd-doped DCHOF was end-pumped by a beam-shé@®&dm laser diode bar, via a
combination of collimating lenses and dichroic miis. Up to 8.5 W (60%) of the pump
light was launched into the fiber. Of this, 5.1 Vdsvabsorbed in a single pass. Both ends
of the fiber were collapsed to convert the ringpgthmode of the DCHOF to a nearly

Gaussian-shaped mode in the fiber ends. Accordimmut calculations, the DCHOF will
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support only the fundamental mode at 930 nm arsl wWas demonstrated in the earlier
section by obtaining 1.04 of Malue . This facilitates low-loss adiabatic corsien from
the ring-mode to a nearly diffraction-limited Gaiassmode. In the pump launch end, the
fiber was perpendicularly cleaved to provide 4%sheg feedback for the laser cavity. At
the other end, a lens-coupled free-space diffracgoating in a Littrow configuration
closed the laser cavity, while that fiber end wagle-cleaved to suppress broadband
feedback. The first-order diffraction-efficiency tife grating was 60%. The laser cavity
was switched by ‘on-off’ of an acousto-optic modata(AOM) between the fiber and the
diffraction grating. The transmission of the AOM swa70% in its deflecting “on” state.
The laser output was taken from the pump launchdadrttie fiber. The fiber was coiled

with a radius of 20 cm.

Pulse generator HR @8O8 M ) oo
dgd | HT @ 930 nm
ana ariver Nd:Al doped DCHOF Pump diode
L=13m (808 nm)
Lens Lens
4—
o < S et
<+—
HR @ 930 nm
Diffraction grating Angle cleaved end Perpendicular cleave HT @ 808 nm

Laser output
(930 nm)

Figure 4-22. Experimental set-up of thes@iched Nd:Al dope
DCHOF laser. HR: High reflectivity; HT: High transssion; AOM:
Acoustic optic modulator.

The output pulse energy was measured with an emagggr and the pulse shapes
was measured with a 1 GHz bandwidth detector ad@0aMHz oscilloscope. At low

repetition rates (< 5 kHz), the energy meter wasdu® determine the average output
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power (in the pulses). This average power doesim@ude the relatively high power

amplified spontaneous emission (ASE) present ig tbgime. At higher repetition rates,

where the ASE was negligible, the average outpwepavas measured with a thermal

power meter.
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Figure 4-23 (a) shows the pulse energy and avgrager at different repetition

rates. The maximum pulse energy, 488 was reached at a 5 kHz repetition rate at a

wavelength of 927 nm. The average power was 647 irtw.second moment of the pulse
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shapes were calculated and used for determininguts® width. At the maximum pulse
energy, the pulse width was 172 ns in figure 4@3 This corresponds to more than 750
W of peak power. The width increased to 350 nsrapatition rate of over 20 kHz.

For comparison, the W-type fiber used for the @ NDFL, reported in reference
[8], was also tried in our Q-switched configuratidrhis fiber has a similar fundamental
mode cut-off wavelength and Ridion concentration as the DCHOF reported here. The
maximum pulse energy was ~ f0, i.e., smaller by ~ 4.5 times than the energgiobt
with the DCHOF. This matched well with our expeictat and was due to the difference in
the core area between the DCHOF and the W-type. fibe

The output of the DCHOF was tunable from 919 to 88§ as shown in figure 4-
24. We obtained more than 100 of pulse energy over a broad wavelength ran@2 bt

931 nm. We measured the*Malue to be 1.08, which is in agreement with oodgling.
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Figure 4-24. Q-switched laser tuning charactesshic927nm
Nd/Al-doped DCHOF at 138] pulse energy
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The use of a DCHOF as a way of overcoming the éitighs in core area of W-type
fibers was investigated in this section. Both tHeHDF and the W-type fiber have a cut-
off for the fundamental mode, which make them ativa for 0.9um NDFLs and other
fiber lasers that require the suppression of unedatdng-wavelength emission. It is found
that a DCHOF can obtain similar cut-off charactessswith a core area that is ~ 5 times
larger than that of a W-type fiber. This is impotiaas a large core is the most important
design feature of high-power cladding-pumped fiasers, and is particularly important in
the pulsed regime. Experimentally, for the firshei an actively Q-switched cladding
pumped Nd:Al-doped DCHOF laser operating at 92036 8m was demonstrated. The
laser generated single mode output with il33ulse energy at 5 kHz repetition rate. The
pulse width was 172 ns and the average power wasrd, which corresponds to a peak
power of 750 W. This initial result opens up posgies for high power blue source

generation by frequency doubling of a simple Ndetbfiber laser.

4-3-3. Frequency doubling of the Q-switched Nd:Al-dped DCHOF laser
source at 930 nm

A Q-switched Nd:Al-doped fiber laser operating &9%m provided high pulse
energy and peak power. It can allow relatively hamversion efficiency in frequency
doubling. Figure 4-25 shows the setup for the fesqy doubling of the Q-switched
Nd:Al-doped DCHOF laser at 930 nm. The fiber wapprdicularly cleaved in the launch
end to provide 4% Fresnel feedback for the lasetycaAt the other end, instead of a free-
space diffraction grating, a high reflectivity narr(100% @ 930 nm) was used in a
Littrow configuration and closed the laser cavitile the fiber end was angle-cleaved to

suppress broadband feedback. Single-pass pumpnhaalzsorbed in the fiber. The pump
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absorption was 0.48 dB/m at 808 nm. The laser gavés switched by an acousto-optic
modulator (AOM) between the fiber and the 100% higlectivity mirror. The
transmission of the AOM was ~70% in its deflecting” state. The laser output was taken
from the pump launch end of the fiber. Here, ineortb reduce a pulse broadening by the
fiber dispersion, the relatively short fiber leng8im) was used contrary to the previous
experiment when 13 m long fiber was used. The fibas coiled with 20 cm of bending
radius. Based on earlier results, the repetitiom waas fixed at 5 kHz, where the maximum

pulse energy and peak power have been obtained.

HR @ 808 nm Lens
HT @ 930 nm
Pulse generatm Nd:Al doped DCHOF Pump
Residuall @nd driver L=8m X 808 nm
pum
Lens Lens
HR @ 808 nm
AOM % 1 HT @ 930 nm
Perpendicular cleave HR @ 930 nm
HT @ 808 nm

|
Lens I
Output (465 nm) . Lens N2

Output (930 nm)

Figure 4-25. Experimental set-up of thes@iched Nd:Al dope
DCHOF laser for frequency doubling. HR: High refleity; HT: High
transmission; AOM: Acoustic optic modulator.

As shown in figure 4-26, the maximum average oufjawer was 902 mW at a 5
kHz repetition rate at a wavelength 927 nm andepalsergy was 17@8J, where the pulse
width was 140 nsec. The corresponding peak powsri&akW. This output characteristic
was improved in comparison with the earlier resbiésause the total cavity loss was
reduced by using the 100% reflection mirror anthartslength fiber. Moreover, the angle-

cleaved state of the fiber end could be furtherrowpd and thus one could launch more
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pump power without any spurious lasing. The outpram was transmitted through a half
wave-plate, which is used to adjust the polarizatbd the beam. The output beam was
focused to an optimumeintensity of radius of ~1um into the nonlinear crystal (e.g.
BiB3Os (bismuth borate)), which is estimated. In fact, heam radius in the nonlinear

crystal was optimized by the maximum power of theetby tuning the focal point of lens.

1'0__ m  Measured data

0.94 —n=21% at 5kHz rep. rate
0.8
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Average output power (W)
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0o 1 > 3 4 5 6
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Figure 4-26. Laser output characteristics in Q-clwatl Nd:Al-
doped DCHOF operating at 927 nm. Repetition r&té&Hz.

Here, BiBOg crystal was used for the frequency doubling of eigput beam at
927 nm from the Q-switched Nd:Al-doped DCHOF lasBoth ends of it were anti-
refection (AR)-coated. The crystal was 20 mm lontwa cross-section of 3 mm3 mm.
The crystal operated at room temperature (<27

The blue power and wavelength of this frequencybting process is shown in
figure 4-27. The maximum blue average power wamB0 at 463.5 nm. In order to assess

the efficiency of the crystal, the actual incidgawer should be considered. In fact, the
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infrared output beam at 927 nm from the fiber igedipolarized. If considering just two
perpendicularly linearly polarized beam, the actoneident power is half of the maximum
output power and it thus becomes ~ 450 mW. Usirggvilue, the conversion efficiency is
is estimated as 10.8%. However, in this experimin,polarization-state of the infrared
output beam from DCHOF has not be looked into. &toee, this conversion efficiency at
463.5 nm will not be accurate. In spite of thispiibvided a relatively high efficient blue
light via simple frequency doubling process du¢hi high peak power of the laser output
at 927 nm. The study on DCHOF for the polarizateaintaining fiber is another issue

and it will be considered for one of future works.
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Figure 4-27. 463.5 nm blue light output characterisnd spectrum (OSA
resolution : 2 nm). The maximum blue power was 48.m

4-4. Summary

In this chapter, the DCHOF, which is suitable tbree-level fiber lasers is
proposed and its modal characteristics was invastijtheoretically. Comparing it with
the other fiber waveguide filters such as step H@Q& W-type fiber, the DCHOF shows

the better performance in terms of the sharpneskeofundamental mode cut-off and the
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scalability of the core area, which were demonstragxperimentally using the Nd:Al-
doped DCHOF.

In the cw experiment, the laser output at 929nrthenNd:Al-doped DCHOF was
realized easily using 4%-4% Fresnel reflection tgawithout any other treatments such as
signal feedback or cooling. This means that thepegsion of 1060nm emission by the
fundamental mode cut-off was efficient. The sloffeciency was 41% with respect to the
launched pump power and maximum output power wasAB.at 929 nm. Tuning range
was from 917 nm to 936 nm and the output was aadifion-limited beam (single mode)
with 1.05 of M value at 929nm.

Furthermore, the DCHOF was demonstrated as a wayestoming the limitations
in core area of W-type fibers and used to demotesttiae Q-switched Nd:Al-doped
DCHOF operating at 927 nm. The laser generatedesimgde output (¥ value : 1.09)
with 133 uJ pulse energy at 5 kHz repetition rate. The pulgith was 172 ns and the
average power was 647 mW, which corresponds tak pewer of 750 W. From the later
experiment for the frequency doubling, the maximawerage output power of the Q-
switched laser source was increased to 902 m\WhdkHz repetition rate at a wavelength
of 927 nm. The pulse energy was 1Ib and the pulse width was 140 nsec. The peak
power was increased tol.3 kW. This source was &egyrdoubled to the generate the
blue light at 463.5 nm. The maximum blue output powas 50 mW, and the conversion
efficiency of bismuth borate (B#®s) crystal, used for the frequency doubling, was
~10.8%.

The DCHOF is promising for the suppression of tineasired emissions by the
fundamental mode cut-off. In addition, the coreaasealability in DCHOF over W-type
fiber would allow the generation of the high enemysed laser source at the three (or

guasi-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 charactesigtiid the bending loss properties
of the DCHOF were reviewed. The DCHOF shows bgtenfformance in terms of the
sharpness of the fundamental mode cut-off and tadalsility of the core area, whilst
maintaining the cut-off wavelength of the fundanaénhode at the correct location in
order to suppress the unwanted emissions. Throbnghcharacterization of the Nd:Al-
doped DCHOF lasers, operating at 930 nm, in cw i@na pulsed system, the high
efficiency and high extractable energy of the DCH@4s experimentally demonstrated.

Yb:Al-doped DCHOFs will be investigated in this pher. The Yb-doped fiber has
a broad absorption band (860 nm — 1060 nm), wheelld to a wide range of pumping
wavelengths and its broad emission band (960 nh00 Ihm) allows the realization of
laser sources operating at various wavelengths.edery while the high power and high
efficiency of the cladding-pumped YDFL at the longeavelength side of the emission
band (~1.1um) has been already demonstrated, laser operdtithve shorter wavelengths
has not so far been widely reported. This is duthéorelatively low pump absorption in
the cladding-pumped configuration. In order to aper efficiently at the shorter
wavelength in the Yb-doped fiber, a large pump gitsmn is required as well as the
suppression of the longer wavelength emission (@880 nm) is important. The use of
the DCHOF for the realization of the Yb-doped fideser operating at the shorter
wavelength is considered here.

Firstly, the generation of the YDFL at 980 nm wi investigated, which is very

challenging due to the very large GSA at 980 nm thiedhigh gain at 1030 nm and 1060
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nm. According to the previous results, the DCHQOBves the sharp filtering characteristic,
which helps the effective suppression of the higimgt 1030 nm and 1060 nm by means
of the fundamental mode cut-off. The relativelygkarcore leads to a large enough pump
absorption that is required to overcome the GS@88tnm.

Secondly, the other issue is the possibility of gwaver-scaling at the shorter
wavelengths. In practice, it is not easy to scgbetle output power at the shorter
wavelength (1030 nm - 1060 nm) due to the compeatmgssions at ~1100 nm with low
GSA. However, the laser at the shorter wavelength lwe practically required in many
applications. Furthermore, the laser operatin@ashorter wavelength has a relatively low
quantum defect, which theoretically allows the feigltonversion efficiency. This can
reduce any other detrimental effects due to the tpuantum defect, such as thermal

problems in the kW power level.

5-1. Yb:Al - doped depressed clad hollow optical lber

laser operating at 980 nm

High-power, single-mode 980 nm sources are requiredany applications, such
as for pump sources for erbium-doped fiber ampsfiand lasers [52] or for blue light
generation by frequency doubling [53, 54]. Comnwdlgiavailable, single-mode, 980 nm
laser diodes are not only limited by their outpatvers but they are expensive too. As an
alternative, high power cladding-pumped Yb-dopéeifisources operating at 980 nm have
been demonstrated using a jacketed air clad (JAQytare [55]. However, the JAC
structure requires a small inner-cladding (+80) and short fiber length (e.g., ~40 cm in
[55]). This is to suppress the Yb-emission at acdb@A30 nm along the fiber and at the

same time to achieve a high level of Yb inversiovnef 50%) in order to obtain gain in the
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980 nm transition because both the emission anorpiisn cross-sections are comparable
at this wavelength. Thus, power-scaling using a JiDcture requires the use of an
expensive, high-power and high-brightness multimguenp source. An alternative
approach for achieving a high power 980 nm YDFL ldooe to design the waveguide
structure such that it acts as a distributed fittlemg the fiber optimised to suppress the
1030 nm ASE. The solution described here is toauBE€HOF.

In this section, the DCHOF structure for generatasger output at 980 nm in YDF
will be investigated. The non-zero fundamental madé-off characteristic in such a
waveguide structure was used here to suppressnithesuwed 1030 — 1090 nm Yb ASE
along the fiber. While DCHOF has been used foraalding-pumped Nd-doped fiber laser
operating at 930 nm, as shown in the previous enafptin which competing 1060 nm
emission needs to be suppressed, the much smadleelemgth spacing between the
desired laser emission (980 nm) and the competmigsgon (1030 nm-1100 nm) makes
this much more difficult in case of the 980 nm YDHIlherefore, in this section, the modal
characteristics of the DCHOF will be more carefullgalyzed to determine the fiber

parameters suitable for 980 nm laser operation.

5-1-1. Requirements for the Yb:Al-doped fiber laseiat 980 nm

In order to realize an YDFL operating at 980 nme ttompeting stimulated
emissions at the longer wavelength (1030 nm-106p innYb-doped fiber (YDF) should
be suppressed. In order to design the fiber prgperis important to estimate the gain at
the competing wavelengths, especially at 1030 renabse the gain peaks there and it is
close to 980 nm as well. The gain calculation &0L0m in YDF was well-described in the
reference [15]. From the reference [15], the undésgain at 1030 nm, in logarithmic units,

Is given by
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Gio30= 025Ggg + 07270, (5-1)
where G435 and Ggg, are the gain at 1030 nm and 980 nm respectivelyAy 4 / A
which is the cladding to core area ratio anglis the operating pump absorption in dB. It

is here assumed that each pump mode sees the d$momteon, given by the core
absorption and divided by the area ratio. Althowgith cladding mode experiences a
different characteristic absorption, a practicad)lvdesigned cladding-pumped fiber should
exhibit uniform absorption along its length owirggda combination of mode scrambling
techniqgues and special geometric fiber designs. ddrestants at the right side in the
equation (5-1) can be varied depending on the eémnisand absorption cross-sections at
each wavelength, and can be considered typicallbedoped fibers at these wavelengths.
For these constants in equation (5-1), the absorpnd emission cross sections were
25.7%10%° and 25.810%° m? at 980 nm respectively. They were 8282 m? and
0.25x10%° m? at 915 nm, and, at 1030 nm, 0452°> m? and 6.2%102°> m? respectively,
as shown in the reference [15]. If the laser omtl with a 100% reflectivity at 980 nm at
one end and a 4% reflectivity at the other endoissered, the total round-trip cavity
losses for 980 nm are ~14dB, therefore, the lagerating gain Gogp) is ~7dB, where the
background loss of the fiber is neglected for sioify. For example, consider the fiber

with 120 pm cladding diameter (the cladding area : 118@f). The ratios is varied

depending on the core area. If 3067 core area is consideregl,= 37.6. Then, the gain at

1030 nm is (L./5+27.2a ,)dB, where the contribution of 980 nm gain (x251.75 dB)

is relatively low. Otherwise, approximately, evedgcibel of the pump absorption
contributes 27.2 dB gain at 1030 nm in this caseptactice, this would restrict the
operating pump absorption to 1 — 2 dB, which isuffisient for efficient operation. By

contrast, the contribution of the 980 nm gain (thst term in equation 5-1) is unimportant.
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Figure 5-1 shows the required suppression to aeliedB net gain at 1030 nm depending
on the core area for an inner cladding area of @1867. The 980 nm gain is assumed to
be 1.2 dB/m, or 7 dB in a 6 m long fiber. From thise large core is preferred (or the
cladding size should be significantly reduced). ldger, the large core eventually leads to
the multimode output beam quality and the smalkeincladding requires a pump source
with the high beam quality, which is very expensidthough up to ~ 40 dB of gain at
1030 nm can be accepted, it is still clear thaforeptable single-mode core areas of up to,
say, 300pm? the 1030 nm gain would have to be suppressedgalbe fiber. It is
emphasized that these values depend strongly ospteroscopic cross-sections, and that
these may be different in fibers of different comsiion than what assumed in reference

[15].
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In addition, the required distributed loss at 108®is increased with increasing the
pump absorption. In figure 5-1, if the fiber lengsh6 m and 4 dB absorption is presented
there, the ~17 dB/m filtering loss at 1030 nm iguieed at a 30Qum? core area. The
required filtering loss can be reduced by increggime fiber length and the core area.
However, the short fiber length is preferred toiaeh the high level of Yb-ion excitation
through the whole fiber length. For this, it is es$al to increase the core area, whilst
maintaining the fundamental mode cut-off at theedrwavelength

In order to fix the fiber length to 6 m, as in figub-1, the Yb-concentration of the
fiber has to be changed to obtain the differene @osorptions. As already noted, the Yb-
excitation level will be close to 50% in a 980 nnDIL, and the operating pump
absorption per unit length will be slightly lessathhalf of the un-pumped (low-power)
absorption, with all the ions in the ground stated measured, e.g., with a low pump
power. Thus, an operating absorption of 8 dB in m @ong fiber implies that the un-
pumped pump absorption should be ~2.7 dB/m. This fakes the Yb-concentration of the
fiber. The fiber which is fabricated and used ia #xperiments had a Yb-concentration of
1500 ppm by weight, which is 40% higher.

Given a specific Yb-concentration and cross-sedtiata, it is also straightforward
to calculate the unwanted gain at 1030 nm at 50%exflitation. For example, at a Yb
concentration of 3000 ppm by weight, it becomesIBAn, using the cross-sections of ref.
[15]. It follows that points in figure 5-1 with theame required distributed filtering
correspond to fiber designs with similar Yb concations, with slight differences
resulting from slight differences in the Yb-excitet. The tolerable loss at 980 nm can be
also assessed. In order to keep the efficiencyedoghe theoretical maximum, the loss

should be less than 1 dB, or so less than 0.2 dBarb — 6 m long fiber.
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If the Yb-concentration is reduced with a fixed aamatio, the required 1030 nm
filtering loss per unit length becomes lower. Tdait a given operating pump absorption,
it is then necessary to use a longer fiber. Thed &30 nm filtering loss will be same, As
the total tolerable loss at 980 nm also stays #imees the acceptable loss per unit length is
becomes smaller. If on the other hand, the areia rat reduced with a fixed Yb-
concentration, the pump absorption increases soalhshorter fiber can be used and a
higher loss at 980 nm can be tolerated. This rel#éxe differences in loss between 980 nm
and 1030 nm that a filter must provide, i.e., ilaxes the requirements on the filter
sharpness. Thus, different Yb-concentrations, eagas, and operating pump absorptions
lead to different requirements on the 1030 nm seggion and the tolerable 980 nm loss,
as it comes to total values (over the whole filzer)well as per unit length. It also affects
the relation between the acceptable 980 nm fib&s dnd required 1030 nm loss, i.e., the
filter sharpness. Key is to find a fiber designtthatisfy the filter requirements in a fiber
with a sufficiently large inner cladding for scajimo high powers and a pump absorption
sufficiently large for a high efficiency. Both th&ber requirements and the filter
characteristics depend on the fiber design.

Next, the threshold at 980 nm should be considéyeeéfficient operation. A 980
nm YDFL requires that ~50% of the ions are excit@edeach gain. In order to obtain the

threshold in terms of absorbed pump power, it isessary to define the small signal

absorption ¢ &) and the saturated signal pow&() [78].
as =Ny,Log? (5-2)

pS = th Acore -

= 103 +03)
where, N, is the total Yb ion concentratiot, is the fiber length, andis the absorption

cross-section at pump wavelength is the signal photon energy arg,. is the core
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area. In practical, it is supposed to be effectwea, but here, it is assumed that the

effective area is closed to the core area 0.76 ms is the fluorescence lifetim®} and

o, are the emission and absorption cross-sectiothe aignal wavelength.

In the cladding-pump configuration, total Yb ionncentration in the whole fiber

length is defined as

p
N, L = uad Is (5-4)
Acore U;

whereay is the pump absorption in nepers with all the ®hsi in the ground staté,_

is the inner-cladding area (113@0n?). The threshold in terms of the absorbed pump
power is defined as [78]

\'
th _ p
I:)abs - O’; Pszt _55
Vs

where,v, andv, are pump and signal frequency respectively. Suibisty equations (5-

2)-(5-4) into equation (5-5), The threshold in terof the absorbed pump power is given
by

S
pth = hl/paa

abs —

ﬁpuadasg = (0.178nW/ 1m*) Ay qa 2 (5-2)
10, (0. +07)

If af =3.8 Np or 16.5 dB, the operating pump absorpiecomes 8 dB, which is

a reasonable value. Thus, with an inner-claddireg &, of 11300um?, P becomes

7.65 W. This is actually the absorbed pump powejuired to bleach the 980 nm
absorption, whereas a marginally higher pump powidirbe needed to create the gain
needed for lasing. Furthermore, a pump absorpti@dB implies a pump leakage of 16%.

Even with these minor adjustments, the laser tloldskwvould be less than 10 W of
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launched pump power. This is reasonable, given@h&tnm diode pump sources with 30
— 40 W of power from a 0.22 NA, 100m core diameter, fiber pigtail are currently
commercially available. Thus, even with an inneadding diameter of 12@m, the
threshold of a 980 nm YDFL is not prohibitively d@: The challenge is rather to
implement a filter that provides a high loss at@@8n without inducing excessive loss at
980 nm.

It is worth pointing out that the very low satuoat power of 980 nm YDFLs makes
it very easy to overcome (excess) losses at 98Cermgnfrom bending, or any other cavity
losses. It only takes 3.8 mW of absorbed pump pdwéancrease the gain by 1 dB with a
core area of 30m?. This is much smaller than the laser thresholis Hlso possible to
create gain for cladding modes. The gain slope rhes06.9 dB/W on average with an
inner-cladding area of 113Q@m? but it will be significantly higher for claddinmodes

with high overlap with the core.

5-1-2. Yb:Al-doped DCHOF design consideration forhe laser operating

at 980 nm
The DCHOF with the fundamental mode cut-off wavgténat ~1060 nm is first

considered. The DCHOF, which consists of a ~ i Yb-doped alumino-silicate ring
core (Anc, ~ 0.0016, with respect to silica cladding) aroamdair hole of 1Qum diameter,
and a depressed ring &fgi, ~ -0.0020 in the inner cladding of thicknesspii, as shown
in figure 5-2 (a). Using these fiber parameters, dffective index in the core was obtained
by numerically solving the characteristic equatéd, as in chapter 4. Figure 5-2 (b)
shows the effective indices of two lowest-order e®@LR; and LR;). The fundamental
(LPo;) mode cut-off wavelength was set at around 1060 when the effective index

became equal to the silica cladding index (1.45reédver, such a fiber would be single-
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moded at 980 nm. The field distributions ofgk.hode both at 980 nm and 1060 nm, and
for LP;; mode at 980 nm, are shown in figure 5-3. It isaclhat no other mode except
LPo1 will be guided in the core at 980nm and that timiede remains guided up to
wavelengths shorter than 1060 nm, which is bagichk LR; mode cut-off, and beyond

that light will escape out of the core.

A
I ndex
1.45035
= LP, mode
[ |
1.45030-{ "m e LP, mode
o) ..
S [ |
: 1.45025- =
) "a,
= [ |
o 145020 L
° L
£ 1.45015- "
o ° "
> [ ) | |
'S 1450104 @4 L
[&] ° u
9] ° .
&= 1.45005- L L
i L . "
5 10.4  20.5Radius (um) 145000 ®
. T Afeasssssasasasasasan
0.90 0.92 0.94 096 098 1.00 1.02 1.04 1.06
Wavelength (um)

(@) (b)
Figure 5-2. (a) Schematic refractive index structure of the deped cla
hollow optical fiber (b). The effective index chasgas a function of th
wavelength.
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Figure 5-3. Modam field distributions in the de®grDCHOF ; Fiber parameters :
hole diameter : 1Qm, Core thickness : 54m, the width of depressed clad : 11
pum, and cladding diameter : 1.
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However, in such a design, the bending loss atr#80was not considered. The
bending loss induced by the fundamental mode dutagjht cause a significant reduction
of the gain at 980 nm, because the wavelength spdatween 980 nm and 1060 nm is too
narrow and thus the effective index at 980 nm gnificantly low. This was verified
through the bending loss calculation. As showrigare 5-4, the bending loss at 980 nm in
this fiber is ~ 11 dB/m, which is significantly ligeven though the bending radius is as
large as 30 cm. It is practically impossible tdcsly straighten the fiber in the fiber
system although the induced loss by bending carrneved in this way. In order to avoid
the high loss at 980 nm, the very sharp filteriegween two emissions will be required.
Moreover, the suppression of the stimulated emissin1030 nm should be considered
because 1030 nm has a very high gain at the langg pabsorption, which causes the
significant degradation of the efficiency at 980,ras shown in the previous section 5-1-1.

This makes it much more difficult to generate tffecient YDFL operating at 980 nm.

Bending radius : 10 cm
Bending radius : 20 cm
Bending radius : 30 cm

=Y

o

o
|

Bending loss (dB/m)

0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10
Wavelength (um)

Figure 5-4. Theoretical bending loss as a funatibtihe wavelength, of the
designed fibr when fiber was coiled with a bendiadius of 10 cm, 20 cm, and 30
cm.
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For lasing at 980 nm in Yb-doped DCHOF, the gaibaih 1030 nm and 1060 nm
should be suppressed until the gain at 980 nm owags the total loss of the laser cavity.
Therefore, it is essential to maintain a low 106980 nm, while increase the loss at
undesired emissions at the longer wavelength. lideal order to filtering out emissions
from 1030 nm to 1100 nm, it is the best to setfthmlamental mode cut-off wavelength
between 980 nm and 1030 nm. However, althoughuhéadmental mode cut-off was set at
1060 nm, the bending loss at 980 nm was signifieanshown in figure 5-4. In order to
solve this problem, an alternative approach cannimde. It is that, initially, the
fundamental mode cut-off is set at the slightlygenwavelength and then the bending loss
at such wavelengths is controlled by adjustingdbiing radius of the fiber. In practice,
the cut-off wavelength is effectively shifted tooster wavelengths as the bending radius
decreases. In this section, the DCHOF with the damehtal mode cut-off at 1150 nm is
considered. For this, the key issue for the Yb-doP€HOF operating at 980 nm is how
sharply the bending loss is increased between @88md 1030 nm.

There are five parameters which affects the cutaafelength, so there are four
independent variables when the cut-off wavelengtiixed to 1150 nm. For simplicity, the

whole parameters will not be considered here, Inly ase the numerical aperture of the

core, NAy =4/n3 ‘”éad as a single independent variable. The hole radifised to 5um

and the numerical aperture of the depressiog, =nd.s —ng, is fixed to 0.08This hole

size and index depression allows for reliable fadiron and handling of DCHOFs. The
thickness of the ring-core was adjusted to yieltligoff wavelength of ~ 1150 nm. The
thickness of the depressed clad was set to twieethiftkness of the ring. Table 5-1
presents the fiber parameters and the;LliRode cut-off wavelength of specific fiber
designs of different core-NAs. The fabrication tatece of the core thickness and the

depressed clad is 2%, which cause a deviatiarBOfnm at the fundamental mode cut-off
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wavelength depending on the core structure. Héee variation of the hole size is not
considered. However, it can be varied when therfisedrawn depending on several
parameters such as drawing temperature and theslmaeat the preform stage. As even
relatively small variations in core thickness gnae to large variations of the fundamental
mode cut-off wavelength, it is important to conteaicurately the fiber diameter in the
fiber drawing process. The fiber diameter can affect the bending loss, here a fiber

diameter of 12Qum is considered.

Table 5-1. Fiber parameters of selected fiber ahssigr YDFL at 980 nm

No. Core Depressed clad Hole LPo; mode
Thickness Thicknesk radius| €°r€ are cut-off
(reo— air) NA | (fdip—reo) | NA [umj (um?) yavelengtl
[um] [um] nm
S1] 9.10(x0.18) | 0.05/18.2 (+0.36) 0.08| 5 546 | 1150 (+ 30)
S2| 7.30(x0.15) | 0.06/14.6 (+0.29) 0.08| 5 396 | 1150 (+ 30)
S3 6.05(x0.12) | 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(x0.09) | 0.09 8.9 (+0.17)| 0.08| 5 202 | 1150 (£ 30Q)

In all these fibers, the lgPmode at 1150 nm has completely escaped from tiee co
However, the unwanted light from 1030 nm to 1100 isnstill guided by the core. For
filtering these wavelengths, the fundamental maateoff needs to be effectively shifted
by bending the fiber. As already stated, the bemdiass characteristics will, to a large
degree, decide the filter characteristics. The bnlbss can be large also at wavelengths
for which the LB;-mode is guided, and it is required that the bemdibss varies
sufficiently quickly with wavelength for efficier#80 nm laser operation. Figure 5-5 shows
the macroscopic bending loss as function of wagtlemt different fiber parameters as
presented in Table 5-1, where the fiber was coiléth bending radii of 20 cm (solid

curves) and 7 cm (dashed curves). Even thoughhttmretical cut-off wavelength is 1150
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nm, the effective cut-off is shifted to shorter wbangths. Smaller bending radii and lower
core NAs result in shorter effective cut-off wavedéns. At 20 cm bending radius, a fiber
with 0.05 or 0.06 core-NA, or somewhere in betweaeny provide appropriate effective
cut-off wavelength according to these theoretiedtwations. At 7 cm bending radius, the
0.09 core-NA fiber appears more suitable. The ofii®ers would provide appropriate
effective cut-off wavelengths at intermediate beadii. However it is also important that
the fiber sharpness is sufficient. Figure 5-5 shalaat the higher-NA fibers result in
sharper cut-offs. On the other hand, higher-NArBbgave smaller cores, which according

to figure 5-1 escalates the filter requirements.
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Figure 5-5. Bending loss as the function of the eangth for different N4, fibers
at 7 cm and 20 cm bending radius according to Taddle

Given these counteracting effects of a change énctitre NA, it is necessary to
analyze, and compare, the effects of the NA oerfitequirements and filter sharpness in
more detail in order to arrive at the optimum valkgure 5-6 plots the required filtering

loss at 1030 nm for a O dB net gain together wite bending loss at the two key
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wavelengths, 980 nm and 1030 nm, vs. core NA. Theraore parameters were varied as
well, when the core NA changed, as presented ineTail. The bending loss curves are
plotted for a bending radius of 7 cm. For laserrapen at 980 nm, the 1030 nm bending
loss should be higher than the required 1030 nerifiig loss. This is the case for low NAs.
However, if the NA is lower than necessary, them980 nm bending loss becomes higher
than necessary. Therefore, the intersections betwhe curves for the 1030 nm bending
loss and the required filtering loss correspondtiie optimum fiber designs, for this
particular fiber length and bending radius.

The loss at 980 nm corresponding to these intaosectan then be determined
from figure 5-6. For a more thorough optimizatidrtlee core NA, also other bending radii
(4, 7, and 15 cm) and fiber lengths (3, 6, and )2vere considered. In all cases 7 cm gave
the lowest, or close to the lowest, total loss& @m. The total 980 nm bending losses are
summarized in Table 5-2 for the different fiberdérs and operating pump absorptions, at
7 cm bending radius. We see that a fiber length2om provide the lowest total loss at
980 nm for the three studied lengths, especiallyda values (4 dB) of the total operating
pump absorption. For higher values, the differescemaller. Table 5-2 also specifies the
optimum core NAs and Yb-concentrations for the edé#ht fiber lengths and pump
absorption. In order to keep the 980 nm loss ahaeptable value, the operating pump

absorption of 4 dB or 60% is targeted.
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Table 5-3. Total loss at 980 nm, core NA and Ymoemtration for different pump
absorptions and fiber lengrths when the bendingisad 7 cm

op : pump absorptiona980 : total loss at 980 nm, NA: NA of the core, N : Yb
concentration

Fiber length (m)
3 6 12

0980 No 0980

op | @) | VA= | ppm) | @B) | “Ae

(ppm) | (dB) | A

4 5.4 0.081| 4010 6 0.08( 1960 1.2 0.089 1170

6 | 16.2 0.078| 5640 7.2 0.08; 3060 6 0.087 1690

Y

8 | 26.1 0.075 7010 9.6 0.084 4280 8.4 0.085 2160

The optimum core design is derived, within the pseter space which is examined.
There are however several points to be noted. déssgn gives us the minimum 980 nm
loss, but the output power of a 980 nm YDFL wilpdad on the threshold. Futhermore the
pump absorption is on the low side. This can beegwed by reducing the inner-cladding
area, at the expense of a more challenging pumglatAn important point is indeed that
even though a 120m inner cladding diameter has been assumed, tbigragion only
affects the operating pump absorption. The samienapt core designs would be obtained
with a different inner cladding size, but with @fént pump absorption.

In addition, a target of O dB total gain at 1030 rsonly approximately correct.
With wavelength-selective cavity mirrors, (e.gheff Bragg gratings), a gain of at least 30
dB can be tolerated before strong ASE and everi@mitasing become unavoidable. On
the other hand, in order to avoid strong ASE, tB80Lnm gain must be sufficiently
suppressed everywhere in the fiber, not just omaaee Thus, strong unwanted ASE could
possibly occur even with a 0 dB average gain. Binékending loss depends strongly on

fiber parameters and is difficult to calculate aetely. A slight deviation in the shape of
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the core refractive index profile, for example, nesil result in a significant difference in
the spectral characteristics of the bending loss.

In fact, the fiber (F645-LF239) for 980 nm YDFL dsén the next, deviates
somewhat from the optimum design find above. Tlwei¢ated fber has a ring-shaped 5.7
pm thick Yb-doped alumino-silicate core with NA ofO@3 with respect to the silica
cladding around an air hole of pn diameter, and a 1dm thick depressed ring of Ng
= 0.08 immediately outside the core. The depressagis surrounded by a pure-silica
region, which dominates the inner cladding. Theecarea in DCHOF becomes 28’
The low-power pump absorption is 1.3 dB/m in a 188 diameter inner cladding,
corresponding to an Yb concentration of 1500 ppmweyght. Theoretically, the pump
absorption becomes 0.6 dB/m at 50% Yb-excitation.

Given the deviations between the optimum fiber glesind the fabricated fiber,
some additional calculated characteristics willdescribed in the next section. Here, it is
focused on whether the bending loss can providecerftly sharp spectral filtering. Using
fiber parameters of the fabricated fiber, the dffecindices of the LR mode (or
equivalently, their propagation constants) andaoeding loss at three different radii, 4 cm,
7 cm, and 15 cm were calculated. Figure 5-7(a) shibw effective index as a function of
wavelength, showing that the DCHOF has a theoldticalamental mode cut-off at ~1150
nm. This behavior is important, as rapid changéefeffective index with wavelength is
needed to get spectrally sharp bending loss chaistots. In order to effectively shift the
fundamental mode cut-off to the shorter wavelengsitequired for 980 nm laser operation,
an additional bending in fibers is introducednlroduces a high loss for long wavelengths,
which gradually shifts to shorter wavelengths asliand radius decreases. Experimentally,
fibers are bent to a radius that provides the defgiut characteristics (typically the highest

980 nm output power). A good way to assess how thelfiber suppresses unwanted 1030

-124-



nm is therefore to calculate the bend loss. FiguiEb) shows the calculated bending
losses in the DCHOF at different bending radii, andgests that ~ 7 cm is an appropriate
bending radius. The large core is also importanteirms of the pump absorption in
cladding-pumped fibers, especially in the case 8@ nm YDFL in which a small inner-

cladding / core area ratio helps to reduce the gai©30 nm relative to that at 980 nm.
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Figure 5-7 (a) Calculated effective index of thendamental LR, mode vs
wavelength for the designed DCHOF (b) Bending Msswavelengthat different
bending radii of the DCHOF. Fiber parameters : Qbiekness = 5.7um, Core
NA = 0.073 with respect to the silica cladding, &wmle diameter : 1Qum,
Depressed clad thickness =Irh, and Depressed clad MM= 0.08.

Using the designed DCHOF, the bending loss as etibtmof the bending radius at
three different wavelengths, 980 nm, 1030 nm, af@801nm respectively was also
calculated as shown in figure 5-8. The dotted regita indicates the available bending
radius for 980 nm operation, where the bending &%30 nm is maintained as low value.
Otherwise, above 10 dB/m of bending loss at bo®01@m and 1060 nm can be induced.
The tolerance in bending radii is small but seemyisgfficient. However tolerances in the
fiber parameters must be considered. It was fotmatl the fundamental mode cut-off is
highly sensitive to the core thickness, more s tinaa conventional fiber where the cut-
off is proportional to the thickness. A change it-off may cause a significant variation in

the bending loss. To investigate thig;22b tolerance of the core thickness was applied at a
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central value of 5.7um thickness and then the bending loss was calculatebending
radius of 7 cm. Table 5-3 shows the bending lossigls depending on the variation of the
core thickness. Here, A 2% variation of core thesscauses a relatively big change in the
bending loss at 980 nm, 1030 nm and 1060 nm dubetovariation of the fundamental
mode cut-off. However, it is possible to compensatgations in the core thickness and
other core parameters by changing the bending sadiben the sharpness of the filter

remains almost unaffected by a small change in ttockness.
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Figure 5-8. Bending loss vs. bending radius atetldiéferent wavelengths, 980
nm, 1030 nm, and 1060 nm
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Table 5-3. The bending loss variation dependendd®2% tolerance of the core
thickness.

Core Depressed clad

—

Hol | Bending loss (dB/m) a
e bending radius : 7 cm

Thicknes AN Thickn NA radius

s (m) ess im) (M) | 980 nm| 1030 nm| 1060 nm
5.7+0.114 0.14 3.19 14.80

5.7 07%' 114 | 0080 5 | 082 | 1470| 59.10

5.7-0.114 233 | 3374 | 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 asdlution doping
technigue was fabricated. The solution was composkdlg YbCEBH,O and 2g
AICI3BH,0 in 200cc methanol (99.9999 % purity), which pd®s ~1500 ppm of Yb ion
concentration in the aluminosilicate glass hostth&t final collapsing stage, a hole of 0.5
mm diameter was left in the preform. The preforranaeter was 12 mm. It was etched
externally to 6 mm diameter in the concentratediddEh in order to obtain the expected
fiber structure. The etched preform was then mitiec double D-shape to improve the
pump absorption by breaking the circular symmefitye flat sides of the D-shape fiber
were located around the fiber asymmetrically. Thefggm was then drawn to a fiber
(F645-LF239), with 12(um diameter inner cladding, and coated with a lodepolymer
(UV curable) outer cladding, which provided a noatimner-cladding NA of 0.48. The
fiber has a central air hole diameter of 4ifd, with a ring shaped Yb-doped alumino-
silicate core and a depressed inner cladding sedfothicknesses ~5.7 and ~14n
respectively, as shown in figure 5-9. The core threddepressed cladding index differences

were 0.0016 (NA ~ 0.073) and -0.002 (N4 ~ 0.080) respectively, both with respect to
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the silica inner cladding. Thus the parameterdeffabricated fiber are the same as those
used for our modal calculations in the previougisac The low-power pump absorption

was 1.3 dB/m.

Figure 5-9. Microscope cross section image of theA¥dopec
DCHOF (F645-LF239).

The LR; mode cut-off behavior of the fabricated DCHOF waerified by
measurements of transmission spectra. A specftatlyhite light source was used for the
transmission measurement. Both ends of the DCHOfe wellapsed and then spliced to
single mode fiber (SMF), in order to remove theddiag modes guided in the inner
cladding. Figure 5-10 shows the transmission spentia 50 cm long Yb-doped DCHOF
for bend radii of 15, 7 and 4 cm. Based on theutated results, it can be assumed that the
bending loss can be so low as to be ignored atehding radius of 15 cm for wavelengths
shorter than 1030 nm. Although the DCHOF does leawell defined fundamental mode
cut-off in theory, the practical cut-off is less liv@efined. In a double clad fiber, the mode
remains guided by the inner cladding even beyoedidhdamental mode cut-off and can

be captured back by the single mode fiber. This ceyse the discrepancy between the
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measured and calculated data of the bending losseder, in Yb-doped fibers, Yb
absorption at 980 nm is significantly high, whiaeyents us from measuring the bending
loss around 980 nm. As shown in figure 5-10, thadb®y loss at 980 nm cannot be
experimentally estimated, while the bending los$G#0 nm was measured as 9.2 dB/m at
the bending radius of 7 cm and 15.2 dB/m at theimgnradius of 4 cm. Comparing it with
the calculated results in figure 5-8, at the snhba@hding radius (4 cm), the difference
between the measured and calculated loss is gude.lOtherwise, the calculated bending
loss at the relatively large bending radius (7 egrees reasonably well with the measured
data. Discrepancies might be due to fiber unasress such as the tolerance of core index
structure and mode coupling. In particular, anykbeaptured light would influence the
result more at small bend radii with theoreticallyry high bending loss and it would
reduce the sharpness of the filter. However, @ls found with non-double-clad fibers
that the experimental bending loss spectrum is $#ssp than the theoretical one. The
1030 nm measured and calculated bending lossesiat Fending radius can be used to
more reliably predict the bending loss at 980 nantthe theoretical calculations of figures
5-7 and 5-8. A value of 0.82 dB/m is thus predigctetich is high enough to significantly
degrade the efficiency. It is not clear that if theeasured filter characteristics are
sufficiently sharp for efficient high-power 980 noperation. Rather, this has to be
determined by laser experiments. The bending ofitlee should then be adjusted during

laser operation to obtain the best combinatioros$ lat 980 nm and 1030 nm.
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Figure 5-10. Transmitted spectra of the fabricatedAl-doped DCHOF at differel
bending radii measured with a spectrally flat wHight source.(Fiber number
F645-LF239)

The laser performance at 980 nm in a conventiasdrl configuration, as shown in
figure 5-11, was assessed. A 6 m long fiber wasgadrby two multimode laser diode
sources of relatively low brightness, with 200 pr2 RA fiber pigtails. Up to a total pump
power of 19 W was launched into the Yb-doped fibeough both of its ends via a
combination of lenses and dichroic mirrors (DMs)la&er cavity was formed between a
perpendicularly cleaved fiber end facet (4% Fresa#éction) at the outcoupling end of
the fiber and a DM, highly reflective (HR) at 98 rand highly transmissive (HT) at 1030
nm, at the other end of the fiber. The bendinguadif the DCHOF was varied between 7
cm and 4 cm in order to find the maximum outpud@® nm and then the bending radius
was fixed at 6 cm, which yielded the maximum outpoiver at 980 nm. The single-pass
pump absorption was 8 dB, which was calculatedgudie measured data of the input and

output pump power in a single-pass of the pump ligilough the fiber.
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HT@980nm HT@980nm
HR@915nm HR@915nm

915nm 915nm
pump pump

Yb:Al-doped DCHOF (6 m)
Angle-cleaved

ASE at 1030nm

Laser output
HT@980nm Perpendicularly cleaved HT@980nm HT@1030nm
HR@915nm HR@915nm HR@980nm

Figure 5-11. Laser configuration for Yb:Al-doped BOF operating at 980 nn
HT: High transmission, HR : High reflectivity, ASE Amplified stimulatec
emission.

The 980 nm laser characteristics are shown in éigud2. The maximum output
power was 3.1 W with 34% slope efficienay) (and 9.2 W threshold power, both with
respect to the launched pump power. According &pfevious section, with the cross-
sections of reference [15], such a high pump ab®orpequires a suppression at 1030 nm
as high as 250 dB. It appears difficult to get shafh suppression at 1030 nm without
inducing significant bending loss at 980 nm, whiohy explain the relatively low slope
efficiency. A bending loss of ~3.5 dB/m at 980 nmould lead to a slope efficiency of 34%.
Moreover, Yb ion quenching can be significant. Thil be discussed later in detail. On
the other hand, the measured threshold is in ggodement with the theoretical value.

However it is still relatively high, which furthelegrades the overall efficiency.

At this stage, the output was ring-shaped. Thecoupling end of the fiber was
then collapsed and the beam quality measured. dWwerpenalty from collapsing the fiber
was less than 5%. An Malue of 1.09 was obtained, implying that the otifpeam was
single-moded and nearly diffraction limited. Congzhrto the earlier results using JAC

fiber structures [55], this fiber has an order o&gmitude larger inner-cladding area.
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Although the large inner-cladding results in a mbaygher 980 nm laser threshold, it does
allow for pumping with standard pig-tailed multimedingle-emitter laser diodes of
relatively low brightness. The use of higher-powemp sources of higher brightness,
including commercially available pigtailed diode®and multi-emitter sources, as well as
single- or even multi-emitter sources combined ammercially available tapered fiber

bundles, should allow our fiber to be power-scaledl beyond the 10 W level.
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Figure 5-12. (a) DCHOF laser 980 nm output powgerdaunched pump power, (
optical spectrum (res. 1 nm).

5-1-4. Power-scaling of the Yb:Al-doped DCHOF laseat 980 nm

In order to increase the 980 nm output power, g af a smaller inner-cladding
fiber was investigated. This reduces the laserstiolel at 980 nm. The same preform
(LF239) as the previous one was etched in a bathFoécid to reduce the outer diameter
only. The preform was then milled to a double Dgghas before and drawn to a 90 um
and 80um diameter fiber, to match the core parameterd®fl20 um diameter fiber, but

with an inner cladding area that is ~44% and ~5B8alker. Figure 5-13 shows the laser
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configuration used for the 90 um and @& fiber. The increased cladding-to-core area
ratio led to an increased pump absorption. The files therefore shortened to 3 m. This
was pumped from one end using a 915 nm multimoddediwhich delivers a maximum
power of 32 W from a 10Qm, 0.4 NA, fiber. The maximum launched pump powasw
19 W. As before, a laser cavity was formed betwagerpendicularly cleaved end facet
(4% Fresnel reflection) of the fiber and a 980 nR,H030 nm HT dichroic mirror. This
also reflects back the residual pump into the filser that the pump was double-passed
through the fiber. The fiber was coiled to an optimradius of ~7 cm, which again

resulted in the highest output power.

HT@980nm
HR@915nn
915nm
Yb:Al-doped DCHOF with 90um pump

and 80um inner cladding (3m)

ASE at 1030nm “m Laser output

HT@1030nm Anale-cleavec  Perpendicularly HT@980nm
HR@915, 980nm cleavel HR@915nm

Figure 5-13. Laser configuration for 980nm Yb:Alpsal DCHOF with
small inner cladding diameter. HT: High transmissidR : High reflectivity
ASE : amplified stimulated emission

The maximum 980 nm power obtained was 7.5 W, wi¥4lope efficiency with
respect to launched pump power (Figure 5-14), higgher than in the larger (130m)
inner cladding fiber. Moreover, in the §n fiber, the efficiency (61% with respect to the
launched pump power) was much better and alsanptrémum output power was 9.2 W.
The threshold for 9Qum and 80um fibers reduced to 4.2 W and 3.5 W of the launched
pump power, i.e., 54% and 62% lower than the vdbrethe thicker fiber. The beam
quality was measured, after collapsing the pumpdhed end of the fiber, and ar? Mf

2.7 for 90um fiber and M of 27 for 80um fiber were obtained. Contrary to the 120 pm
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diameter fiber result, the beam quality in thisecass degraded, even though the core size

and NA in both fibers remain the same.

Output power (W)

Transmitted power (dBm)

-30-

1— Linear fit (n=61%)

®  90um inner cladding
Linear fit (n=49%)

4 80um inner cladding fiber

-104
-204

-90

2 4 6 8 10 12 14 16 18 20 22
Launched pump power (W)

(@)

OSA resolution 1 nm

90um inner clad fiber

T T T T T T T T T T T !
940 960 980 1000 1020 1040
Wavelength (nm)
(b)

Figure 5-14, (a) Laser output characteristics @88 Yb:Al-doped DCHOF
with 90 um and 80um of the inner cladding diameter. (b) Output speul
for Yb:Al-doped DCHOF laser with 90m inner cladding diameter.
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The reasons for these differences in power charsts and beam quality
between the 90 and 120n diameter fibers is next discussed. The degradadlguality
can either be a result from lasing on cladding-nsoatebecause of 980 nm laser radiation
propagating in the core leaks out into the innadding. Such leakage can result from
bending, since with a double-clad fiber, light |é&im the core through bending would
actually remain guided by the inner cladding. Etfesugh the core parameters are similar
for the 90 and 12(0m diameter fibers, the increased micro-bending thiraner fiber could

explain such differences in core-mode losses beatwetwo fibers.

5-1-5. Analysis of beam quality degradation and lowefficiency in the
Yb:Al-doped DCHOF laser at 980 nm

In order to further investigate the reasons fordagraded beam quality, additional
laser experiments were performed. A pinhole wasl igeseparate the light guided in the
core and in the inner cladding. In this case, theed cavity was formed between a
perpendicularly cleaved end facet of the DCHOFrfilmed a bulk grating with 60% first-
order diffraction efficiency in a Littrow configutian. Both fiber ends were collapsed.
Here, the residual pump was not re-launched baoktie fiber. The fiber length used was
1.5 m and the fiber with 90m inner cladding diameter was used. A similar béeraof
the beam quality is expected for the different dasenfigurations used, despite the
differences between them. The output powers werEsored before and after the pinhole.
The results are shown in figure 5-15. The maximwtpat power was 3.2 W before the
pinhole, with a slope efficiency of 49% with respect to the absorbed pump power. The
beam propagation parametef Mas 2.7. After the pinhole the maximum power aiedi

was 1.95 W, witln 027%, and M 1.28. Significantly, at low power level (0.5 W put at
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980 nm), there is no difference in output powemaen the two cases at low power, which
shows that the laser is (nearly) diffraction-linditehen. It can be concluded that bend-
induced light leakage from the core into the claddialone does not explain the
degradation in beam quality, since this would biargely power-independent process.
Rather, there must be direct amplification of, gaver transfer to, light propagating in
cladding-modes, as a result of high gain in ardafe core that are not saturated by the
lasing core-mode under high-power pumping. Soméefcladding-modes must have a
significant overlap with such high-gain regions.eTpower-transfer can either be in the
form of cladding-mode lasing, or through amplifiocatof light that is leaking out from the
lasing core-mode. Since there is a significant lf@ee#d at 980 nm, the gain required for
cladding-mode lasing is expected to be lower thet tequired to amplify light leaked
from the core mode. This would indicate that claddinode lasing is the cause of the
degraded beam quality. However, if the leakage ftbencore mode is sufficiently high
into high-gain cladding-modes, this need not beda®e. Further experiments, e.g., with
mode-selective feedback, would be needed to mdeiteéy clarify this. In any case, the
significantly lower confinement of the cladding-nesdwould explain why the cladding-
modes of the 12(dm diameter fiber are not excited. It is also ndtest the lack of excited
cladding-modes in the 13@m fiber implies that the leakage of light from tbere to the
cladding at 980 nm, i.e. the 980 nm bending-lassmall.

The relatively low slope efficiency obtained in 12® inner cladding fiber, and the
higher efficiency of the 9Qm fiber is considered. There are few possible exgilans to
this. As bending only couples light from the cardhe inner cladding, bending-loss cannot
explain the low efficiency. Furthermore, if bendilogs was anyway a significant loss
mechanism, it would lead to large amounts of ligimitted from the sides of the fiber. This

was not observed. Another possibility would be thatp power absorbed in regions of
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the core where the modal field of the core modedak cannot be transferred efficiently to
the 980 nm laser field. However the low saturatidgensity of Yb at 980 nm rules out this
explanation. See, e.g., [15]. (Note that by contr@daspite the low saturation intensity, it is
still possible for the gain to reach high valuesuch regions.) The most likely explanation
seems to be quenching of Yb-ions, which can seyeénmgbact the efficiency of cladding-
pumped 980 nm YDFLs [15], [113].

The efficiency of the core-mode lasing of the |88 fiber (27% in figure 5-15) is
similar to that obtained with the 1320m mode fiber, emitting only from the core-mode
(34% in figure 5-12). Note that while the 34% refdp launched power, the pump
absorption is ~90% so the value for the efficiemgih respect to the absorbed power is
similar, (approximately 37%). The lower efficienoy the core-mode of the 90m fiber
may be due to pump power transfer to competingdotgdmodes, when they start to lase.
If so, this indicates that a fraction, (37% — 27P@7% = 27%, of the absorbed pump
power is used for stimulated emission of the clagdanodes rather than the core-modes.
From figure 5-15, a slope efficiency for claddingaes of 22% with respect to all of the
absorbed pump power can be inferred. This wouldespond to a slope efficiency of 22%
| 27% = 81%, with respect to the 27% of the pumpegrothat is available for cladding-
pump lasing. Although this is only a rough estimatemuch higher slope efficiency for
cladding-mode lasing is in agreement with the gberg hypothesis, as cladding-modes
with a much smaller overlap with the Yb-doped comild be much less impacted by Yb-
quenching than the core-mode is [15]. Further daitarzation, e.g. of unsaturable

absorption [113], would be needed to firmly essthblhe impact of quenching in this fiber.
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Figure 5-15. The laser characteristics of 980 nmddped DCHOF laser (9Qm
diameter) before pinhole and after pinhole. Indstam quality measurement data.

5-1-6. Summary of the Yb:Al-doped DCHOF laser at 98 nm

It is still challenging to scale up the output pove¢ 980 nm with the cladding-
pump YDFL maintaining a single-mode beam qualitg ttuthe problem of cladding-mode
lasing. However, based on these results, a soldtorsuppressing the cladding-mode
lasing can be chosen, and it would be the besttavagduce the gain of cladding-mode by
adding absorbers for 980 nm in the inner claddiugthermore, more sophisticated control

of the refractive index will be required for theasp separation between 980 nm and 1030

nm.
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5-2. Yb:Al-doped DCHOF laser operating at ~1040 nm

Generally, Yb-doped fiber lasers have a broad tien@mge from 1.Qum to 1.1um
[92]. However, it is not power scalable at all wiavgths. While the output power at the
longer wavelength side (14m) can reach above kW levels due to the four-léasér
characteristics, the output power at the shortereleagth side (< 1.06m) has still not
reached to the kW level because of the three- (dbeee) level laser characteristic [114].
The difficulties of the YDFL operating at 980 nnmvkaalready been shown in the previous
section. In this section, the power-scaling of ldeer at the shorter wavelength side of the
1030-1080 nm emission band of a Yb-doped fiberrJasgng the DCHOF structure, will
be investigated. The operation at the shorter vesngth in the YDFL theoretically allows a
higher quantum efficiency than at the longer wawgtk, which could be advantageous in
terms of the thermal management in very high oupputer levels (~kW).

The output power at the shorter wavelength is &dhiby the relatively high GSA.
Fortunately, it is easier to generate the shortavelength lasing (~ 1040 nm) than to
generate the laser at 980 nm because of the mdiatowwv GSA and high gain at the shorter
wavelength. In order to suppress the gain at thegdo wavelength (~1.Jum), the
distributed wavelength fiber filter can be useche TDCHOF used in this thesis will be a
good solution because it can obtain a single-mau# a relatively large core, whilst
maintaining the fundamental mode cut-off wavelength the proper location. As
mentioned in the previous section, the fundamemtadle cut-off wavelength effectively
shifts to the shorter wavelength side by bendirggfiber. If the bending loss is properly
controlled, the gain at the longer wavelength télreduced.

The large core is preferred for scaling up the ougower in the YDFL because it

allows the improvement of the pump absorption, ai as avoids an optical and thermal
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damage and any nonlinear scatterings, such aslateduRaman scattering (SRS) at the
significant power level. However, the large coremwually leads to the multimode output
beam. In practice, it is an obvious choice to usgngle-mode core in order to obtain a
robust single mode output, but it causes the saamif fiber nonlinearities, especially, SRS.
This is the main obstacle to scale up the outputgpan a single-mode core. The relatively
large core of the DCHOF will mitigate SRS and pdeva robust single mode output beam
quality.
In this section, using a DCHOF structure, the ofp@naat 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, th#put wavelength is ~1.Am
with the lowest threshold, as mentioned before)stlthe Yb-doped phospho-silicate fiber
laser can produce the laser output at a relatiglyrter wavelength, which is not as
efficient as aluminosilicate host due to the liditsolubility of Yb ions in the
phosposilicate host. However, the DCHOF is avadlabl generate a laser output at the
shorter wavelengths 1.06um by suppressing the amplified stimulated emis$¢ABE) at
1.1 pm using the fundamental mode cut-off. Even Ramam afathe ¥ Stokes wavelength
can be reduced due to the induced loss by the foedi&l mode cut-off when the cut-off
wavelength is located properly between the signdl & order stoke wavelength [39] and
the power scaling up to multi KW using single maliged core is possible without the

limitation imposed by SRS in fiber-based systen®.[9
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The same preform as used in the previous sectie23®) was drawn to a fiber
with 170 um inner-cladding diameter (F643-LF239) in ordermiove the fundamental
mode cut-off to a slightly longer wavelength, armted with a low-index polymer outer
cladding which provided a nominal inner-cladding MA0.48. The core comprised a 6.2
um Yb-doped ring (NA ~ 0.07) around an air hole 8fuh diameter, and a depressed ring
in the inner cladding of thickness 14n (NA ~ 0.08). From these fiber parameters, the
modal characteristics, using the equation (4-3héprevious chapter 4, were numerically
analyzed. Figure 5-16 (a) shows the effective iedechanges of Lgg mode depending on
the wavelength of such a fiber. The fundamentays LiiAode cut-off is ~1.15m. Thus the
guided core mode does not exist beyond this wagédterExperimentally, the cut-off
wavelength was measured with a white light transimismeasurement, as shown in figure

5-16 (b), and the result is in good agreement withmodeling.
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Figure 5-16. (a) Effective indes changes of each guided mode in DCHOF (b) Spa:
of transmitted light from a tungsten filament lagfiper length : 1 m)

Based on the transmission spectrum, the inducaddpshe fundamental mode cut-
off is around 10 dB/m, while the loss at 1040 nnswmat significantly affected by the

fundamental mode cut-off. Although the bending wadivas as small as 5 cm, the induced

-141-



bending loss was 1 dB/m, which is much smaller thefore. The Yb-doped DCHOF was
pumped by 975 nm multimode diode stack lasers (liasesource with 500 W output)

through a combination of collimating lenses anchdhec mirrors. Figure 5-17 shows the
laser configuration for Yb:Al-doped DCHOF. 5 m lofiger was used and a simple laser
cavity was formed between perpendicularly cleavad facets of the fiber, providing 4%

Fresnel reflections. Dichroic mirrors (high refiect at 980 nm, high transmission at 1030
nm) were used to separate signal and pump beanesoiput power was monitored at

both sides with power meters. The operational pabgorption was 2 dB/m.

Dichroic mirror Perpendicularly cleave:

HT: 975 nm
HR: 1030 - 1150 nra/ \ Residual pum
Pump

@ 975 nn

Yb-doped DCHOF (5n Dichroic mirror

HT: 975 nm

Laser outpt Laser outbyp- 1030 — 1150 nm

Figure 5-17. Laser configuration for Yb-doped DCHOHR: high reflectivity,
HT: high transmission.

Figure 5-18 shows the laser output characterisiibg. output power reached 59.1
W with a slope efficiency of 81% with respect te thunched pump power and 85% with
respect to the absorbed pump power, with a cefdsithg wavelength of 1046nm. The
emission at longer wavelength with low thresholdswsappressed by the §Anode cut-
off, instead, the shorter wavelength of 1046 nm laasd in this cavity. The mode field at
the longer wavelength is not confined to the dopae and exists as the cladding mode,
which is caused to significantly reduce the ovenath the doped core significantly and
thus the gain at longer wavelengths is not enowglenerate a laser. In practice, the
overlap factor at 1046nm was 61%, while it is 3%4@80 nm according to the calculation.

In a narrow wavelength range of 34 nm, the oveféaypor is reduced by a factor of 20,
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which means that the gain at longer wavelengthseasuppressed by a factor of 20 and it
was possible due to the steepylBut-off characteristic of DCHOF. In this case, thger
wavelength of 1046nm is quite near the fundamentade cut-off. It can be expected that
a high loss is employed at the signal wavelength wuthe fundamental mode cut-off.
However, the laser at the shorter wavelength caache&vable with such high efficiency
without any additional loss by the bPmode-cut-off. In addition, only the kPmode is
guided in this ring core at the laser wavelengti@6nm, where the LiPmode is cut-off
based on the modal calculation in figure 5-16 dngtthe output beam quality is expected
to be a diffraction-limited single mode, as showrihe previous results [94]. Moreover, as
the emission at longer wavelength is filtered oabf the core, SRS, the main constraint on
power scaling, can be suppressed by the inducadolothe fundamental mode cut-off. In
practice, the suppression of SRS was demonstratad W-type fiber, which has a similar

cut-off characteristic and will be discussed inatlstin chapter 6.
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Figure 5-18. (a) Laser output characteristics ofddped DCHOF at 1046nm, (
Laser output spectrum (OSA resolution : 2 nm)

The Yb:Al-doped DCHOF thus looks promising to geterlasers 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, desd with non-zero
fundamental mode cut-off, for high-power cladding¥yped 980 nm laser operation was
demonstrated. In addition, laser operation at thercshorter wavelength (1046 nm) in the
Yb:Al-doped silica DCHOF was also presented. Subbré act as short-pass filters that

allow unwanted longer wavelengths to be suppressed.

Firstly, the requirements of a cladding-pumped 880fiber laser were analyzed,
in particular the need to suppress competing eonsai 1030 nm and longer wavelengths.
Then the ability of DCHOFs of different designs satisfy these requirements was
investigated. It was found that even though th@ 98 emission in the Yb-system is quite
close to the competing emission, which normally ohates in a cladding-pumped fiber, it
is still possible to design the DCHOF to efficignsluppress the competing emission at the
longer wavelength. Experimentally, 3.1 W of outgadwer was obtained in a nearly
diffraction limited beam (M 1.09) in a fiber with a 120m inner cladding diameter, with a
laser threshold of 9.2 W and a slope efficienc34%. Although, the large inner cladding
facilitates pumping with a low brightness pump dsdbut it leads to a high 980 nm laser
threshold. The output power increased to 7.5 W wifeninner cladding diameter was
reduced to 9Qum, while keeping the core parameters constant, essalt of a lower
threshold. However, at the same time, the beamitgudggraded to an RAvalue of 2.7.
This is due to cladding-mode lasing in the thinfileer with its larger overlap between the
cladding-modes and the core. In an improved fibesigh, cladding-modes can be
suppressed by a 980 nm absorber in the cladding.ré@llatively low slope efficiency is

attributed to Yb-quenching, which can be avoidethwhnproved fabrication [113].
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A cladding-diameter of 90 — 100m is still compatible with standard low-cost
diode sources. Our initial result suggests thatDR#HOF approach can be used for low-
cost single-mode 980 nm laser sources, with a faitswof output power, pumped by
single-emitter multimode diodes with ~ 10 W of auttpower. It would allow for scaling
up the power beyond 10 W with commercially avakabiulti-diode and multi-emitter
diode sources including diode bars.

Secondly, through a simple laser characterizatiath® Yb:Al-doped DCHOF, the
suppression of the gain at the longer wavelength 81 Yb emission bands was verified.
The DCHOF structure was useful to suppress the giredk emission at the longer
wavelength when the fiber was properly designedl\&of the output power with 85%
slope efficiency with respect to the absorbed ppaywer at a shorter wavelength, 1046nm,
was demonstrated, by filtering out the emissiothatlonger wavelength (~ 1100 nm). In
addition, the high pump absorption in DCHOF wasiegtd due to the ring core. The
output beam is expected to be single-mode basediomodal calculation. Therefore, the
Yb-doped DCHOF shows promising prospects to scpléhe output power in a single

mode core fiber as well as for the generation dpoatuat a shorter wavelength.
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PART IV.
THE SUPPRESSION OF THE
STIMULATED RAMAN SCATTERING
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Chapter 6. The suppression of the stimulated

Raman scattering in Yb-doped, Wtype fiber.

6-1. The stimulated Raman scattering in the Yb-dope

fiber amplifier

6-1-1. SRS in a high power fiber laser and amplifie

Cladding-pumping enables fiber lasers to reachudyipwer levels where they can
compete with conventional bulk solid state lasersmiany applications such as micro-
machining, welding and materials processing. Theinaous wave (CW) output power of
high brightness cladding-pumped ytterbium (Yb) dbpiber lasers has already reached
the kW-level [5, 6]. Moreover, fiber-based mastscittator — power amplifier (MOPA)
sources show the potential to scale up the avevaggut power of more sophisticated
waveforms, such as picosecond pulses [10]. Forethfiser nonlinearities become an
important issue. Stimulated Raman scattering (388&)main obstacle for power scaling of
pulsed or CW fiber systems. It can occur in thedas amplifier itself as well as in any
delivery fiber. To date, most high power pulsedfisources use a large low-NA core and
a relatively short fiber. The resulting reductiohtlbe power density and the interaction
length mitigate SRS and other nonlinear effectss hilas enabled pulsed fiber amplifiers to
be scaled to the MW level and beyond [11, 12]. Whérge cores eventually lead to a
multimode output beam and so a degraded beam yjuhkt beam quality obtained with a
multimode core can be improved by filtering out thgher order modes, e.g., by tapering

the fiber or by coiling a low-NA fiber [56, 57]. Meever, these methods have their
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limitations and may be difficult to implement inr@bust and reliable manner. In practice,
the acceptance of mode-filtered and short fiberiadsvhas been slow in commercial
products. Furthermore, those methods designed toevae high peak powers and
diffraction-limited output are difficult to implenm¢ in high power delivery fibers, which is

another important application.

Hence, a single-mode core still remains an obvithace for high beam quality.
However, a single-mode (i.e., small) core requiaelong fiber in the cladding-pumped
configuration, because of the relatively low punfjs@ption due to the large area ratio
between the inner cladding (pump waveguide) and/'tirdoped core. The resulting strong
interaction of the optical field with the small eoover a long fiber will reduce the SRS
threshold significantly [58]. The SRS threshold drees proportional to the inverse of the
fourth power of the core diameter. Therefore, thepsession of SRS is required in order
to scale up the output power in a small-core rdpusingle-mode system. Recently,
several groups have demonstrated SRS suppressaugthbending the single-mode fiber
and thus by introducing wavelength dependent 164s ¢5]. However, such fibers with a
normal step index structure will introduce a sigraht amount of loss at the signal
wavelength too, because of the relatively slow ddpace of bending loss on the
wavelength. Recently, a dual hole assisted fibeh whe fundamental mode cut-off has
been suggested for the suppression of Raman g8@jnTA&is fiber can provide a sharper
cut-off characteristic, but the fiber was passiather than active, and no amplifier or laser
results were presented.

In this chapter, a W-type fiber designed with @etfundamental mode cut-off is
proposed for SRS suppression in a high power tiased source with a single-mode
output. In several Yb-doped fiber-based sourcesSIRS suppression will be demonstrated

experimentally. The use of a small core fiber, gadompatible with existing fiber
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technology, would allow for a compactly packagdHfiber high power source.

6-1-2. SRS suppression: approach and simulations

In a co-pumped YDFA, the power evolution of the pugmp,), signal () and
Raman StokesH;) (the lower indices, P, S and R indicates the puthg signal and

Raman Stokes respectively) is determined by theviirhg coupled differential equations

in the steady state,

dP,
d—;:[(US‘*Ug)Nz‘US]NrPPP, (6-1)
dpP. %
d—S:[(Ug"‘Ug)Nz‘Ug]NrsPs‘—SirRPRPS’ (6-2)
V4 VR £
dﬁ—[(a%ae)N — G8]NIRPr + 2R Pl 1 (P + Poonk) —a R P (6-3)
gz NORTORIN ORINTRFR*7, ~FSTR(FR* Fepon rRPR-

Here,ofand g (i = P,Sand R) are the absorption and emission cross sectiongef
ions andN is total number of Yb-ions in the doped cofgis the mode overlap with the
Yb-doped areaAy is the effective area for the Raman interactigpand vy are the

signal and Raman Stokes frequencies, ggid the Raman gain coefficient of standard

single-mode germanosilicate fiber at prh (~1x10™ m/W in case of polarized light and

reduced by a factor of 2 for unpolarized lighe),,,is the spontaneous Raman scattering

power, which becomes ~177 nW when assuming anteieRaman Stokes bandwidth of

~1 THz and that one photon is generated per modarpetime per unit frequency is
a polarization factor k =1 for polarized light andk =2 for unpolarized light).

Although, depending on the operating conditionspleiad spontaneous emission (ASE)
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from the Yb-ions may be important in an amplifiggstem, a similar spontaneous
emission term resulting from the Yb-ions is negtdan this calculation. Furthermoreg

is the background attenuation coefficient of then@a Stokes wave. The motivation for
this work was to makerg large enough to suppress the build-up of the Stakaeve. By

contrast, the background attenuation coefficientgHe pump and signal waves are small,

and have been neglected. Finall;is the normalized excited-state population of tie Y

ions, which becomes

_ O Pl Ahvy + 0gPsI s/ Ahvg + 0PI/ Ahvg
Ut +(op +05)P.Io/ Ahv, + (0 +02)PsTg/ Ahvg + (0 +0g)Pil g/ Ahvy

(6-4)

2

Here, 7 is the fluorescence lifetime of the Yb-ions amds Planck’s constant.A is the

Yb-doped area (typically the core area),

Though equations. (6-1) — (6-4) are for the stestdie, they can also be used in the
quasi-steady state. In our case the pulse enertjybaion thepJ level, which is low
compared to the intrinsic saturation energy of @csl single-mode YDFA (~ 1@J or
more). In this situation, in the interaction wittetYb-ions, described by equation (6-4), the
average power of the signal should be used. Howsdiier Raman interaction is near-
instantaneous so, for that, the peak powers mustsbd. The Yb-induced amplification
described by equations (6-2) — (6-3) applies tchbostantaneous and average power.
Hence, the peak power, rather than the averagerppsieuld be used in equations (6-2) —
(6-3). The pump is cw, and its cw power should §edun equation (6-1).

The Raman Stokes power is generally dependent @rsignal intensity and the

fiber loss at the Stokes wavelengtlr{) from equation (6-3). Therefore, the design

approach for SRS suppression is to either chodasgar core fiber, e.g., a low-NA large

mode area (LMA) fiber [95, 96], which increases éfiective area, or to enhance the loss
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at the Stokes wavelength without any additionak las the signal wavelength. In this
chapter, the second option was selected, and tieestwicture was designed in such a way
that the propagation loss at the Raman Stokes gt would be high while the loss at
the signal wavelength would remain low. For thisaype fiber was used, which only
guides light with wavelengths shorter than theaffitvavelength of the fundamental §;P
mode [8, 14, 37]. Light above that wavelength essaffom the core. The interaction
between the core, or light guided in the core, watly un-guided light is drastically
reduced. W-type fibers have been used in the mastykars for Nd-doped double-clad
fiber lasers at around 930 nm [8, 46]. These regthat emission from the competing
unwanted 1060 nm transition is suppressed. Simjlaal W-type fiber designed for
appropriate LB, cut-off wavelength can effectively suppress SRS.

Although a W-type fiber does have a well-defineddamental-mode cut-off in
theory, the practical cut-off is less well definddhis is particularly so since the effective
index of the mode, which becomes lower than theactive index of the cladding for
wavelengths beyond the cut-off, varies quite slowliyh wavelength near the cut-off.
Furthermore, in a double-clad fiber, the mode res@uided by the inner cladding even
beyond the cut-off wavelength of the core structiitee overlap of the fundamental mode
with the core decreases significantly even beftwe theoretical cut-off wavelength is
reached due to an increasing mode field diametee Jradual decrease is continuous
beyond the cut-off. The details depend on the gégnad the inner cladding. In addition,
as the mode field diameter increases near to ¢utraide-coupling and micro-bend loss to
cladding-modes becomes significant in double-cldxrs. This spreads the light out
among modes of the inner cladding. This will bengigant in a small inner cladding as
mentioned in the previous chapter 5. However, enxdase of W-type fiber in this chapter,

the inner cladding area is over 1000 times largan tthe core area, so further interaction
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with the core becomes negligible. Thus the lighaffectively lost from the core.

In practice, bending, including micro-bending, wibshift the effective cut-off to a
shorter wavelength, and increase the loss at d fna@velength, without any change of the
qualitative behavior of the fiber. With or witholoénding there is a gradual increase, with
wavelength, of loss from the core to the surrougdimer cladding, rather than a sharp
cut-off. This justifies the use of a simple losefwient for the Stokes wave, on both sides
of the cut-off wavelength, instead of a more compleut probably not more accurate,
analysis of the modal fields and mode-coupling. étkpentally, the performance of the
amplifier will be optimized by bending the fibeg induce as large as possible loss for the
Stokes wave, but stopping before the loss-incredsthe signal wavelength starts to
degrade the performance.

In order to theoretically evaluate the maximum algoutput power from an Yb-
doped fiber amplifier, as limited by SRS withoutneaering Yb ASE, the coupled
equations (6-1) — (6-4) for the pump, signal anadnBa Stokes, was numerically solved.
The fiber had an effective areA«) of 75um?, and a pump absorption of 0.3 dB/m in the
cladding-pump configuration. The Yhion concentration in the core is 1.65%%i®ns/n.
The absorption cross section at the pump wavele@@ nm) is 2.4 pfy the absorption
and emission cross section at the signal wavelefigtt0 nm) is 0.005 pfrand 0.3 prh
respectively and the lifetime of Ybions is 0.8 ms. An average signal power of 2 W is
launched into the fiber, which is equivalent to 66 peak power for 103 ps 32 MHz
repetition rate pulses in the experiment. The pavfehe cw pump was varied to evaluate
the obtainable signal output power, limited by SR®e pump and signal are co-
propagating fromz= Qo z=L (L = 23 m is the fiber length). The Raman Stokes wave
also starts to evolve from the input end of theffitsince the physical length of the pulses

in the fiber is only 2 cm, i.e., much shorter tltha fiber, SRS will only be effective in the
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forward-propagating direction. The pump and thaaigvavelengths are 980 nm and 1060
nm respectively. The*lorder Raman Stokes appears at 1114 nm. Raman remmvéo
higher Stokes orders is neglected, as only themegn which the power in thelorder
Stokes wave will be small is considered. The disiperof the W-type fiber was calculated,
which is considered to be —38 ps Hrkm ™. This leads to a walk-off between signal and
Stokes waves of 47 ps over 23 m of fiber. Howetee, Raman amplification will be
concentrated into a smaller length of the fibergweithe signal power is high. In particular,
with high loss at the Stokes wavelength, the Ragsn will be too low to overcome the
loss for low signal power. This reduces the actiba&r length over which the Stokes wave
builds up and over which dispersion is importaritug, though the walk-off may reduce
the interaction between signal and pump pulses wiaie the effect should be small, and
is neglected in our steady-state analysis.

The intrinsic background attenuation coefficienttad4 nm, induced by material
scattering and impurity absorption, is taken toOb@lL dB/m. This value is in line with
losses measured in double-clad Yb-doped fiber, ianchuch lower than what will be

required to suppress SRS. The mode overlap fadbtbe signal and Raman Stokes
(Fg,Mg) are approximated to unity. Although for the sigrthe overlap factor was

estimated to be 0.77, the difference this makes$ mat be significant compared to the
impact of other factors such as uncertainties ipatid concentrations and cross-sections.
More interesting is the variation of the mode aoéahe Stokes wave near the cut-off
wavelength. For such a fiber, at the theoretica#dodiof 1110 nm, the overlap with the
Yb-doped raised-index core, is as low as 0.06. Heweat the Stokes wavelength of 1114
nm, the calculated overlap becomes smaller tha®, Wdich is approximated by unity.
Note that because of uncertainties about the paeameters, it is unclear how close to the

cut-off wavelength it actually is, and hence whwa bverlap would be in the actual fiber.
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The effective area for the Raman interaction siryilaepends on the wavelength, and
indeed on the bending if this distorts the moddilesdout also these effects are neglected.
Figure 6-1 shows a simulation of the power evohutid the signal and Stokes waves for
or = 0.0023 m' (0.01 dB/km). The 1060 nm signal peak power reach&6 kW but
subsequent SRS leads to a complete depletion ddigimval. In figure 6-1, the maximum
signal power coincides with the initial rise of tBokes wave. The maximum signal power
is SRS-limited.. As this maximum is associated \lith rapid growth of Stokes power, it is
also defined to be the Raman threshold. Howeverettare many exceptions to this
situation: If SRS is completely suppressed, theimam signal power will be reached in
the fiber output end, without reaching Raman tho&khin other cases, the loss at the
Stokes wavelength can be so large that when theeStwave builds up and depletes the
signal, the Raman gain and also the Stokes powmrsdpack before the Stokes power

reaches the signal power.

120004 —— Signal (1060nm)
—— 1st order Raman Stokes (1114nm)
— 10000+
=3 _
5 8000+
; i
S 6000+
% 4
©  4000-
& B
2000+
0
0

Fiber length (m)

Figure 6-1.Simulated power evolution of the signal and thenRa Stokes wav
in our Yb-doped fiber, in the absence of Raman suppressibaored pum
power: 40 W (launched pump power : 70 W), inpuhalg2 W aerage power il
103 ps pulses at 32 MHz repetition rate.
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In this case, this definition will be used for Raméhreshold, whereas the
conventional definition of Raman threshold (or icat power), where the Stokes and
signal output powers are equal [72, 73], breaks rdolv is noted though that with
sufficiently high pump power, the Yb-gain would bigh enough for the signal power to
grow even after the Stokes power exceeds the sigoakr. In this regime, which is
reached neither in experiments nor in simulaticarspther definition of the threshold
power should be used.

It is also pointed out that in order to reach thaximum power of 5.56 kW in
figure 6-1, the fiber length would have to be cliis however would not represent a
practical amplifier, as the pump absorption woutdolnly 2 dB. For good pump absorption
and efficient operation, this particular fiber shibbe at least 20 m, and preferably
significantly longer. For such long fibers, the peautput power (i.e., Raman threshold
with our definition) that could be reached in thesence of any SRS suppression would be
significantly lower. In practice this regime woub@ reached by operating with a higher
repetition rate or a lower pump power. The benefitSRS suppression would be greater
with the longer fiber length required for efficiemiractical, operation of a strictly single-
mode fiber amplifier, as the suppression wouldoaetr a longer length of fiber.

Figure 6-2 shows the maximum peak signal power @uathreshold) and the fiber
length at which the corresponding power is reaclsetbss at the Stokes wavelength in a
Yb-doped fiber amplifier operating at 1060 nm. Trhaximum power increases linearly
with the loss at the Stokes wavelength, as SR$ippressed. A loss of 20 dB/m at the
Stokes wavelength allows for a fiber length of 2land a peak output power of 11 kW,
before SRS begins to deplete the signal. Notewthatreas the simulations extended over
23 m of fiber, the fiber would have to be termimbéd the maximum signal power to avoid

severe SRS in the remaining fiber, as illustratefigure 6-1.
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6-1-3. SRS-suppressing fiber design

A W-type fiber was designed for a fundamental m@d&;) cut-off between 1060
nm and 1114 nm. The core structure consists ofuen tliameter core, and apim thick
depressed clad. The index differendan{ of the doped core and the depressed clad are
0.003 and -0.002 respectively, both with respethé¢osilica outer claddingn;.; = 1.45).

The effective indices of the two lowest-order mo¢g2; and LR1) were calculated using
the above fiber parameters based on a weakly guajproximation and linearly polarized
modes as presented in reference [8]. As showngurdi 6-3(a), the Li2 mode cut-off

wavelength, where the effective inderg ) became equal to the silica cladding index

(Ngjica), Will be around 1.Jum. However, because of the subtle nature of theoffus

mentioned before, and uncertainties of the fibeapaters, the exact theoretical value of
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the cut-off wavelength is of little use and eventeudifficult to determine exactly.
Furthermore, the induced loss is really more irsiang. Figure 6-3(b) shows the bending
loss of our W-type fiber at different bending radidar the LE;, mode cut-off wavelength,
calculated with both the matlab® (The Mathworks;.)rcode made by myself based on
the reference [81] and a commercial software pazkégber CAD 1.5, Optiwave
Systems). The differences of simulated results éetvthe methods were not significant as
far as the loss and the fundamental mode cut-eftancerned. Here, an actualLmode
cut-off will be at ~ 1.16um for the bending radius of 30 cm, where the |dssts to
increase significantly. Moreover, the effective gLPmode cut-off shifts to shorter
wavelengths by additional bending. At a bendingiusdf 10 cm, the bending loss
becomes as high as 20 dB/m at 1114 nm, while thdibg loss at 1060 nm remains below
1 dB/m. In a double-clad fiber, light at the Stokesvelength would quickly leak out from
the core into the inner cladding, while 1060 nmnaiglight is maintained as a well-

confined single mode in the core.
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6-2. Experimental investigation of the suppressiorof
SRS in Yb-doped, Wtype fiber, MOPA source

6-2-1. The fabrication of the Wtype fiber

An Yb-doped W-type fiber preform (LF247) was falatied in house using a
standard MCVD and solution doping technique. Théutsm is composed of 2g
YbCl36H,0 and 4g of AICJBH,O in 200cc methanol (purity : 99.9999%). This siolu
will provide around 2000 ppm of Yb ion concentratim an aluminosilicate host. The
preform was further jacketed in order to incredseinner cladding size, for efficient pump
coupling into the fiber from a highly multimode d® pump source, whilst maintaining
single-mode core dimensions. The preform was mtibed D-shape in order to maintain a
uniform pump absorption along the fiber. The prefovas then drawn to a fiber (F750-
LF247) of inner-cladding diameter 3{0n and coated with a low-index polymer outer
cladding (UV curable), which provides a nominalémncladding NA of 0.48. The fiber has
a core diameter of fm, with a depressed ring in the inner claddinghafkness fum. The
core and the depressed cladding index differenceseéfectively 0.003 and -0.002
respectively, both with respect to the silica inctdding. The fiber parameters match
those of our modal calculations, described in thevipus section. The small signal
absorption at the pump wavelength, 975 nm, was dB/&. Figure 6-4 (a) shows core
transmission spectra of this fiber, measured demdint bend radii with a spectrally flat
white light source. From this, the actual effectii®; mode cut-off wavelength can be
estimated at the wavelength where the loss inibiee &pproaches 5 dB/m [82]. Figure 6-4
(b) shows the resulting cut-off wavelengths. Itdrees 1157 nm for a straight 1 m long
fiber. This value is slightly different from our Icalation, which is attributed to

imperfections in the refractive index profile andcartainties in parameters. In general,

-159-



though, the fabricated fiber matched well with tleepected LR, mode cut-off

characteristics and, with additional bending, tbeaff wavelength can be shifted further
to shorter wavelengths, between the signal and eStokavelengths. However it is
emphasized that it is really the loss spectrumerathan the cut-off wavelength that is of
interest. Figure 6-4 (a) shows that when the fibegoiled to a radius of 7 cm, the bend-

loss at 1060 nm remains small while it becomes fnd&t 1114 nm.

Not bent
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Figure 64. (a) White light transmission spectra for diffgrdend radii of th
fabricated fiber measured with a tungstertegen lamp. Fiber length 1

spectral resolution 1 nm. Inset: back-lit imageook W-type fiber. (b) LR
mode cut-offvs. bend radius.

6-2-2. Picosecond pulse, Yb:Al-doped, Wype fiber MOPA

The W-type fiber was incorporated into a pulsed MO#ystem (Figure 6-5). Its
peak output power would be sufficient to reach 8RS threshold, for low losses at the
Raman Stokes wavelength. A 1060 nm fiber pigtaifedry Perot laser diode was used as
a seed source. It was gain-switched at 32 MHz rgpetrate and generated pulses of 103
ps duration. The average output power was 0.5 mh&.diode was first amplified to 3 W
average power through three cascaded YDFAs. Aftarsinission through a free-space

isolator with 1.5 dB of insertion loss, the sigmals free-space coupled into the final high-
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power amplifier stage. It was made with a 23 m lprege of the W-type Yb-doped fiber,
cladding-pumped in a co-propagating configuratignabdiode stack at 975 nm. The Yb-

doped W-type fiber, used only in the final amplifizyas angle-polished at both ends.

Yb-doped SRS
suppressing fiber (23m)
HR @1060nm HT @1060-1200nm
HT @975nm HR @975nm

Laser
diode
32MHz,
103p:

Figure 6-5. Experimental MOPA set-up. HR: higheeflvity, HT: high
transmission

Figure 6-6 shows the average output power of thgliier at different final-stage
pump powers for fiber bending radii of 15 and 5 @ha constant signal input power.
When the fiber was coiled to a 15 cm bending radius overall efficiency was 53% with
respect to the absorbed pump power, while for aibgnradius of 5 cm, the efficiency
increased to 80%. For a 15 cm bending radius,l@ver in the output is observed at 40 W
of absorbed pump power, which indicates that theepdhas been transferred from the
1060 nm signal to the Raman Stokes beam. By cantrden the fiber was coiled to a
bending radius of 5 cm, the average output powereased linearly with the absorbed
pump power. There was no roll-over, and the ougwer was limited by the available

pump power.
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Figure 66. Output power characteristics of the MOPA systndifferent
bending radii.

Figure 6-7 shows optical output spectra measuretiffatent pump powers. For a
15 cm bend radius, the Raman Stokes becomes saymifior 66 W even less of absorbed
pump power. In this case, although the induced hysthe fundamental mode cut-off at
1114 nm was ~2.5 dB/m, estimated from figure 6-4{@@ suppression of SRS was not
enough. By contrast, no power has been observdatleirRaman Stokes for a bending
radius of 5 cm, even at the maximum pump powers Thibecause of the higher loss at

1114 nm.
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Figure 6-8 shows the fractions of the total powethe signal at 1060 nm, the Yb
ASE, and the Raman Stokes beam, respectively.derdo see the fraction of each power
component, the output spectra in figures 6-7(a)&ifb), on a linear scale, were fitted by
four Gaussian shaped function. Their center wagghleny peak heights and widths were
found through a least-square fitting procedureefach spectrum. Good fits were obtained.
The integrated power, in the different peaks werleuwated, and attributed to the signal
(1060 nm peak), Yb ASE (1050 nm, 1070 nm peaks)l&rmider Raman Stokes (1114 nm
peak). The fiber with the bending radius of 15 caffesed significantly from energy
transfer to both Yb ASE at the longer wavelengthO(# nm) and the Raman Stokes at
1114 nm. It can be seen from figure 6-8(a) thay @d% of the total power is at 1060 nm
at the maximum pump power. On the other hand, whenfiber was coiled to 5 cm
bending radius, the signal power increases lineaitl respect to the pump power and
81% of the total power remains at 1060 nm at theimmam pump power, which
corresponds to a peak power of 13 kW. Interestintjg spectral filtering induced by the
bending is sharp enough to also suppress ASE.i§ msportant, since in this regime with
our pulse parameters the dominant loss mechani&8Eks according to figure 6-8 (a). It is
noted that ASE is bi-directional, with most powermally emitted towards the pump
launch, i.e., signal input end of the fiber. Helee backward-propagating power was not
monitered, but this could explain the reductioriarward output power seen in figure 6-6
with the 15 cm bend radius. In this case, howe8&S as well as ASE from the earlier
amplifier stages would enhance the ASE in the foswdirection, but not in the backward
direction. Thus, the influence of the backward ASmains uncertain. Finally, it is pointed
out that at higher peak powers, SRS rather than w8&d become the dominant loss
mechanism, but they can both be mitigated sigmfigausing a W-type core structure with

a fundamental mode cut-off.
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6-2-3. Nanosecond pulse Yb:Al-doped, Wype fiber, MOPA

Using the same W-type fiber used in the previousiae, the suppression of SRS
in nano-second pulse fiber MOPA was experimentalgstigated. Figure 6-9 shows the
experimental setup for fiber MOPA of nanoseconaesll As a master oscillator, the semi-
conductor diode source was used, which providech&€c pulse width and 100 mwW
average output power at 100 kHz. This signal weectly free-space coupled into the Yb-
doped W-type fiber for SRS suppression after a$pce isolator with 1.5 dB of insertion
loss. A 23 m long piece of the W-type Yb-doped fjbeladding-pumped in a co-
propagating configuration by a diode stack at 975 was used in the same manner used

in the previous section. The Yb-doped W-type fiwas also angle-polished at both ends.

Yb-doped SRS

HR @1060nmsuppressing fiber (23m)

HT @975nm

HT @1060-1200nm
HR @975nm

975nm
pump

Master oscillator

(100 kHz, 20 nsec,

100 mW average
power) A/2 Isolator

Output
signal

HR @1060nm Residual pump

Figure 6-9. Experimental MOPA set-up for nanoseqauides. HR: high
reflectivity, HT: high transmission
Figure 6-10 presents the signal spectrum from tlsten oscillator used in this
MOPA system. The spectral width is relatively broadich might cause a significant
spectral broadening after the final amplifier stagewever, here, the only interest is in the
SRS suppression in W-type fiber. Therefore, foriaty, this signal was just used

without any ASE filter in this configuration.
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Figure 6410. The spectrum of the signal source used in rmemoosl puls
amplification in Yb-doped W-type fiber.

Figure 6-11 shows the output characteristics ohsudOPA system. Here, tow
fibers are used. One is with the fundamental madeoff at ~1080 nm and the other is
with the fundamental mode cut-off at ~2000 nm, Whieferred as without the
fundamental mode cut-off in figure 6-11. With resipto the absorbed pump power, the
slope efficiency was 79% when the fundamental nmdeoff is 1080 nm. In the case of
the fiber without the fundamental mode cut-off, rehevas no roll-over in the output
characteristic as well due to transfer of energ¢’iorder Raman stokes, as shown in the
amplification of pico-second pulses and the sldffieiency was also 73% with respect to
the absorbed pump power, which is not so differ€hts is because the total power of the
output beam was measured and the ASE portion adutfut beam, whose contribution to
SRS is relatively trivial, is significant in this@PA set-up. However, in the analysis of the
spectral purity analysis of the output beam, th& SRppression in W-type fiber with the

fundamental mode cut-off, was clearly observed.
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Figure 6-11. Output power characteristics of the RAOsystem for nano-
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Figure 6-12 shows spectra of output beams at 1@a\68W of pump power. Here,
at 10 W of the launched pump power, tfieotder Raman Stokes was shown in the fiber

without the fundamental mode cut-off. At 50 W ofngu power, most of the power was
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Figure 6-12. Output spectra of nanosecond pulss mplifier at (a) 10 W pump
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power and (b) 50 W pump power (Res. 1 nm).

On the other hand, in fiber with fundamental modeaff, Raman Stokes does not
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appear. Even at 50 W of pump power, the SRS wasbs#rved in the output beam.

On a linear scale, the output spectra at 50 W ppower, were fitted by a three
and four Gaussian shaped functions with and witHootlamental mode cut-off fibers
respectively in order to see the fraction of the&vpocomponent, as shown in figure 6-13.
Their center wavelengths, peak heights and widteseviound through a least-squares
fitting procedure for each spectrum and each peak attributed to the signal (1060 nm
peak), Yb ASE (1050 nm, 1070 nm peaks) aficidd 2° order Raman Stokes (1114 nm
and 1160 nm peak). In the case of the fiber withftndamental mode cut-off, the signal
portion in the output beam was 50%, where the splebtoadening due to the spectral
phase modulation (SPM) (dot circle in figure 6-H3) (was shown to be significant. The
other portions were ASE at 1050 nm and 1080 nmréltvas no Raman Stokes. Here, the
maximum output beam power was 8.8 kW, which is lothan before due to the loss by
ASE. Contrary to this, in the fiber without the damental mode cut-off, the power was
completely transferred to Raman Stokes and theakid@®60 nm) portion was less than
0.1 %. This clearly demonstrate that SRS was sspptkin a nanosecond pulse, high
power, Yb-doped fiber MOPA system using a W-tygeefiwith the proper control of the

fundamental (LE) mode cut-off.

-169-



Normailized intenstiy (a.u.)

T T T T T T 1
1150 1200 1250 1300
Wavelength (nm)

I
1100

(@)

1.04
—
> 1st order Raman Stokes
8 08-
> 2nd order Raman Stokes
o
2 o6
g ° v\"\/
£ ]
o - |
5 0.4
N A
[ \
e 0.24
— v} \
o
Z

0.0 =

T T T T T T T T T T 1
1050 1100 1150 1200 1250 1300
Wavelength (nm)
(b)
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6-3. CW characteristics of the Yb:Al-doped Wtype fiber

For CW, high power, Yb-doped, single-mode fiberrses, a single-mode core is
preferred for a robust waveguide. In order to ds, t8RS should be suppressed for power-
scaling to kW levels in such a single mode cord.[58 the previous sections, the SRS
suppression was demonstrated in a pulsed MOPAmyssng W-type, Yb-doped fiber
with the fundamental mode cut-off. Such a fiber &kE® employed in a CW configuration
to demonstrate SRS suppression. Figure 6-14 shoavexperimental setup for CW laser
generation. Here, the Yb-doped W-type fiber wasldilag pumped by a 975 nm diode
stack source through a combination of collimatiegskes. The maximum pump power
launched into the fiber was 472 W. A simple lasavity was formed between
perpendicularly polished end facets of the fibegvaling 4% Fresnel reflection, and a
lens coupled 100% dichroic mirror with a high brbadd reflection from 1030 to 1150nm.
A 37 m length of the fiber length was used, whigHanger than that used in the pulsed

MOPA configuration, in order to increase the Rargam in the CW system.

W-type Yt-doped fiber (37 n
Dichroic mirror
HT: 975 nm
HR: 1030 - 1150 nm ~ Residual pum

Pump >

I | -

975 nn » ~ >

@ Perp. polished fiber en U. o
Dichroic mirror

HT: 975 nm
HR: 1030 — 1150 nm

Laser outpt

Figure 6-14. Experimental setup. HR: high reflatgivHT: high transmission.

Figure 6-15 shows the laser output characterisilibe. output power reached 314
W with a slope efficiency of 65% with respect t@ thbsorbed pump power at 1077 nm.
Based on the Raman threshold calculation, usingedjuation from the reference [73], the

Raman oscillation threshold of a fiber with sucltae size (~ jum core diameter) is
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around 140 W. However, the Yb-doped, W-type fibéthwhe fundamental (Lf?) mode
cut-off at ~1100 nm helped in Raman suppressiangmall core fiber. There is no roll-off

due to SRS when the output power reached 314 W.
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Figure 6-15. Laser output characteristics of YbatbjV-type fiber laser, (a) 37 m long
fiber, (b) 23 m long fiber with bending radius I eand 5 cm.

It was observed in figure 6-4 (a) that there large loss (leakage) of ~5dB/m, for
light generated in the core at th& drder Stokes wavelength (1120 nm). With an eféecti
area of 75um® when core diameter isffn at 1077 nm, this indicates that loss @bider
Stokes leakage exceeds the Raman gain at 1120 mem thike signal power at 1077 nm
reaches 1.2 kW. This is quite close to the CW dahgeshold [122]. In this experiment,
even though the output power (314 W) is high enotegbenerate SRS in a similar step
index core fiber [13], the suppression of SRS inype fiber was possible because of the
proper selection of Lf? mode cut-off. The relatively low slope efficientydue to high
background loss caused by the long length of ther fiwhen a 23 m long fiber (bending
radius : 15 cm) was used, the slope efficiency ¥& with respect to the absorbed pump

power and over 300 W of output power at 1077 nm etdained (figure 6-15 (b)).
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The laser wavelength can be tuned to shorter wag#is, as shown in figure 6-16,
by bending the fiber. When the bending radius waanged from 15 cm to 5 cm, the
central wavelength moved from 1077 nm to 1058 nmthils case, the slope efficiency was
73.7% with respect to the absorbed pump powerr@igulo).

Bending radius: 5 cm . ,
0- Bending radius: 15 cm

-10-: /

-204

Transmitted power (dBm)

T T T d T d T
950 1000 1050 1100 1150 1200
Wavelength(nm)

Figure 6-16. Optical spectra of Yb-doped tWe fiber laser when fibe
bending radius is 15 cm and 7 cm at maximum punvpepo(Resolution 2
nm, fiber length: 23m.)

6-4. Summary

In this chapter, the ASE and SRS suppression inlse@ high power, Yb-doped,
single-mode fiber MOPA system was experimentallyndestrated using a W-type fiber
with fundamental (LR)) mode cut-off. A combination of LgP mode cut-off in W-type
fiber and additional bending in the fiber can ceeatsignificant loss in Stokes wavelength.

This suppressed the build-up of the Stokes wavesaad the ASE quite close to the signal
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wavelength (1060 nm). SRS suppressing W-type fussd in the final amplifier stage
provided 53 W of average output power with 103 pisg@ width at 32 MHz repetition rate
was generated, which corresponds to 13 kW peak polleere was no power at the
Raman Stokes wavelength in the output beam. MoredeASE at longer wavelength (~
1080 nm) was also significantly reduced. By corntragien the fiber was bent with 15 cm
bending radius, the loss at the Raman Stokes wagtblevas not enough to suppress both
SRS and Yb ASE, and the peak power dropped to®mdlkW. Furthermore, in a ns pulse,
Yb:Al-doped fiber MOPA system, the suppression d#SSwas also experimentally
verified. Here, the maximum peak power was 8.8 KWLGD kHz repetition rate and 20
nsec pulse width. The output was limited by the A%E at the shorter wavelength (~1030
nm). The efficiency of this power amplifier was 79¥th respect to the absorbed pump
power.

In a CW configuration, using a small-core Yb-dogiker laser, a 314 W output
power with 65% slope efficiency with respect to thiesorbed pump power with a true
single mode output was also demonstrated usingp#/-iper. The output power was only
limited by the available pump power. The SRS in Wetype fiber was suppressed
efficiently even though a small core (i core diameter) and long length (37 m) of the
fiber used here.

This result shows that it is indeed possible topsegs the SRS, which is the main
obstacle for power-scaling in a high-power fibesteyn. This can be obtained by using the
bending loss created by the fundamental mode dufFbérefore, it shows the prospects to
scale up the output power in a single mode corer fib multi kW level in both CW and
pulsed fiber based system. Furthermore, the useswhall core fiber, readily compatible
with existing fiber technology, would allow for ampactly 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 aatori€ation for high power three
level fiber lasers and amplifiers was presentedetent years, the output power ath
using YDFL was significantly increased via the dexj-pump technology and competes
with bulk-type solid-state lasers in many applicai such as material processing.
However, various applications require lasers opegaat different wavelengths and their
power-scaling using the cladding-pump configuratiand the realization are still
challenging. To overcome this challenge, a no\mifstructure is required at some points.

Rare-earth doped fibers have multiple emission &dmat, in practice, it is not
possible to obtain the laser output at all emissiands. In order to realize a laser output at
a specific desired wavelength, the other compaimganted stimulated emissions need to
be suppressed. The unwanted stimulated emissiobwhhup to a significant power level
and prevents laser emission at the desired wavitienglithough the gain can reach a level
which is enough to cause lasing, the simultane@ysficant emission at the undesired
wavelengths such as ASE and SRS, degrades theagdinefficiency at the wanted
wavelength. This is particularly relevant in thadding-pumping configuration due to the
relatively low pump absorption, which requires andodevice length. Therefore, a
wavelength-selective filter is used to suppreswamed emissions. In particular, the
distributed wavelength fiber waveguide filter shiblle used, rather than the free-space
external filter, because the gain in the fiberigributed along the fiber and the filtering of
the unwanted gain should take place along the.fiber this, | proposed the step hollow
optical fiber (HOF) (chapter 3) and depressed blaitbw optical fiber (DCHOF) (chapter

4 and chapter 5).
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As a fiber filter, W-type fiber, with the fundameah{LP,;) mode cut-off, is widely
used. For the cladding-pumped Rtdioped aluminosilicate fiber laser operating at 880
a W-type fiber structure was used. It shows effic@peration of the single mode NDFL at
930 nm. However, W-type fiber is difficult to scale large core areas because the
fundamental mode cut-off cannot be set at the prajg@elength maintaining a large core
area. In order to maintain the cut-off wavelengthween 930 and 1060 nm as the core size
is increased, the numerical aperture (NA) mustdaiced. Unfortunately, this makes the
cut-off less distinct. A large core area allows enexktractable energy in the pulsed system,
low fiber nonlinearities, and a large threshold éptical damage. Therefore, the hollow
fiber structure was suggested in this thesis. drtbically and experimentally demonstrated
the HOF as the distributed fiber waveguide filtler.chapter 3, | initially presented the
modal characteristic of step HOF and have showra$er output characteristic of Er:Yb
co-doped step HOF. Later, | modified the refractimdex structure of step HOF and
suggested the DCHOF in order to obtain sharp fumddéah mode cut-off over the step
HOF. In chapter 4, | theoretically analyzed modalperties of the DCHOF. Based on this
analysis, | demonstrated a single-mode, Nd:Al-dop&HOF, operating at 930 nm and
through Q-switched pulsed configuration. The largere area in the DCHOF contrary to
W-type fiber, made it possible to extract a mucghbr pulse energy at 930 nm from
Nd:Al-doped DCHOF. In chapter 5, using the Yb:Alpgo DCHOF, | experimentally
demonstrated the operation at 980 nm. | carriechaubre specific analysis of DHOCF in
terms of the fundamental mode cut-off and inducentding loss.

In chapter 6, | utilised the W-type fiber waveguider with a single mode core in
high power fiber systems. Particularly, it mightumed in CW and pulsed fiber systems in
order to achieve a robust single-mode output factzal use. For this, the suppression of

the stimulated Raman scattering (SRS) is esseitiddeoretically and experimentally
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demonstrated the suppression of the stimulated Rasoattering (SRS) in a high power
Yb:Al-doped MOPA system using the W-type fiber witie fundamental mode cut-off.

The high induced loss, caused by the fundamentdernsat-off, reduced the Raman gain at
the Stokes wave. Because of that, it prohibitedgrawansition from the desired signal to
its Stokes wave. It opens up the possibility of powcaling up to kW levels in a small and
single-mode core, which is an obvious choice fanegation of the robust single-mode

output.

7-1. Summary of the contribution

The summary of the results | achieved is present#us section.

- Step hollow optical fibers: Chapter 3 presented the feasibility of step HQF
high power fiber sources. The step HOF consisti®fing-core around the air
hole in the center. It has the fundamental modeoffuat a finite wavelength
due to the negative dielectric volume provided lig &ir hole. It thus acts as a
distributed fiber waveguide filter. However, itsnflamental mode cut-off
sharpness is not good enough to suppress unwatiadladed emission
because of the slow dependency of effective indicew/avelength. It provides
the large bending loss at a broad wavelength raege the fundamental mode
cut-off. In spite of this, the ring-core structusé the step HOF provides the
relatively large ratio of core and cladding, whican improve the pump
absorption in the cladding pumping configuratiom Br:Yb-doped step HOF
laser was first demonstrated. The maximum outpwiepovas 2.5 W at 1544
nm when the pump power of 12.6 W was launched. slbgee efficiency was

26% with respect to the launched pump power. TleéBeiency was highly
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dependent on the core thickness, which also detesrthe fundamental mode
cut-off wavelength. In the small core thicknessimegy the efficiency at 1550
nm was quite low (~ 8% w.r.t the launched pump pofee a 125um inner
cladding fiber) and Yb co-lasing at 1060 nm becaigeificant because of the
low gain at the Er emission band. This was dudéoinduced loss at 1550 nm
and low signal modal overlap factor near the funelatal mode cut-off
wavelength. Otherwise, in the large core thickn#ss efficiency was improved
(Nn=29% w.r.t the absorbed pump power at 260 outer cladding diameter
fiber ). Contrary to the improved efficiency, trede hole and step core HOF
degrades the beam quality {Malue = 5.2) because the higher order mode can
easily be excited in the large hole and large ¢ibwe. Otherwise, in the small
core fiber, the beam quality factor was improved {sllue for 125um inner
cladding fiber = 1.5 and fvalue for 15Qum inner cladding fiber = 2.4). In this
experiment, the operation at the shorter wavelegttb30 nm) was not
realized because the Yb gain reached a high enlewghto lase before Er gain
at a shorter wavelength did. For the operationhef shorter wavelength (S-
band) in Ef*-doped fiber, Yb gain should be suppressed if Exdgped fiber is
used. In order to avoid this, the pure erbium dopkedr is a better choice
because no suppression of the Yb-gain at the sheaeelength 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-gthpore surrounding the central
air hole, a depressed refractive index of firstidiag and a second cladding. In
the first section, the modal characteristics anddibey loss properties of the
DCHOF were investigated. Based on these resuksfiller was designed for

the laser operation at 930 nm in Nd:Al-doped DCH1DH it was demonstrated
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experimentally. It provided the maximum output pow€3.3 W with the 41%
slope efficiency with respect to the launched pupgwer. The laser was
tunable from 917 nm to 936 nm. The beam qualityoflawas M value of 1.05
when the hole at the fiber output end was collapgdttiough aluminosilicate
host enhances the solubility limit of Nd-ions, latithe same time, favours 1060
nm emission. However, this showed the efficientpsagsion of the stimulated
emission at 1060 nm. It produced similar resultsvak the Nd:Al-doped W-
type fiber presented in reference [8]. Howevetthig Q-switched configuration,
the DCHOF generated a much higher energy than ttgp@/fiber. This is due
to the large core area of the DCHOF. Nd:Al-dopedH®E produced 133J
pulse energy at 5 kHz repetition rate. The pulsdthwiwas 172 ns and the
average output power was 647 mW. This correspand3 %0 W of peak power.
Then, using the Q-switched Nd:Al-doped DCHOF saosir¢be blue light was
generated by frequency doubling. The average oypwer of the beam at 927
nm was 902 mW at a 5 kHz repetition rate and tHeepanergy was 178J,
where the pulse width was 140 ns. The corresponuiads power was 1.3 kW.
The SHG crystal used for this was bismuth borat®{Bs). The maximum
blue power was 50 mW at 463.5 nm. The conversifini@ficy of the crystal
was 10.8%, which was low due to the un-polarizearatieristic of the output
beam, at 927 nm, from the DCHOF. However, througkinaple frequency
doubling process, the relatively high blue poweswaahieved due to the high
peak power of the laser output at 927 nm. This shtive possibility of the
power-scaling of the blue. In reference [24], thigtcal HOF provided high

birefringence due to the large refractive indexedénce between air hole and
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core. It will be useful for polarization-maintaigirfiber. Thus, for the second
harmonic high conversion efficiency, the ellipti@CHOF can be considered.
Yb:Al-doped depressed clad hollow optical fiber in chapter 5, the DCHOF
structure was used for generating high power 980asar sources in Yb:Al-
doped DCHOF. It is much more challenging to germe@80 nm fiber souces
because of the very high GSA in ¥hloped fibers at 980 nm. In order to
overcome the GSA, the very high pump absorptiorequired. Furthermore,
the wavelength space between 980 nm and ~1030 rmarewit should be
suppressed, is too narrow to be sharply separ&eentually, the induced
bending loss affects the 980 nm loss. In ordeteesthis, more sophisticated
fiber control is required. In this chapter, the thewg loss effect on 980 nm,
depending on the fiber parameter, were presenteédnam using a Yb:Al-doped
DCHOFs, the 980 nm operation was demonstratedinitez cladding diameter
was 120um. It provided 3.1 W output power with an’Malue of 1.09. The
slope efficiency was 34% with respect to the lawacpump power. In order to
scale up the output power by reducing the lasesstiold, the relatively small
inner cladding (9Qum and 80um diameter) Yb:Al-doped DCHOFs was used.
They have nearly the same core structure as th@uh2@ner cladding diameter
fiber. The output power was increased to 7.5 Wofbpm and 9.2 W for 8@um
because of the reduction of the laser thresholdvever, the beam quality was
significantly degraded due to the cladding modentasThe power leaked out
from the core to the inner cladding by relativelghhbending loss. Because of
that, the significant power in the inner claddirmuses lasing at 980 nm. In
particular, this cladding mode lasing became sicgift in the small inner

cladding fiber due to the relatively large intepsihd the large overlap with the
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Yb-doped core of the cladding modes. Thereforerder to increase the output
power at 980 nm, whilst maintaining a single-modearnh quality, the
suppression of higher order modes is requiredtiisy much more distinct cut-
off filtering is essential. Alternatively, by usirapsorbers such as erbium in the
inner cladding, the power of cladding modes caredleiced.

Suppression of stimulated Raman scattering using Wype fiber structure :

In chapter 6, | experimentally demonstrated SR$megsion in a pulsed high
power, Yb-doped single-mode fiber MOPA system usan@/-type fiber with
the fundamental mode cut-off with a small core. Theoff filtering induces
the loss at the unwanted Raman stokes wave ingogler fiber systems and
thus increases the Raman threshold. The powerthersignal to Stokes waves
is not transferred. It is quite useful to scaletlgp output power in a small and
single-mode core. In practice, for a robust gemnanaif the single mode output,
the single mode core is an obvious choice. W-tyiperfis useful for that
because it has a single mode core and the fundamerdde cut-off. In
picosecond pulse (103 ps pulses at 32 MHz repetitade) amplification, 13
kW peak power was achieved without of any sign lté SRS. However,
without SRS suppression, the maximum peak poweaewaet was only 5.4 kW.
The loss at the Stokes wave was controlled by lbenwV-type fiber, which
effectively shifted the fundamental mode cut-offwekength. In nanosecond
pulse (20 nsec pulses width at 100 kHz repetitate)ramplification, the W-
type fiber was also tested. When SRS was supprésste: induced loss at the
Stokes wavelengh due to the fundamental mode ¢utitd maximum peak
power was 8.8 kW. Otherwise, for the fiber withthe fundamental mode cut-

off at the Stokes wavelength, most of power wassfiexred to Raman Stokes.
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In addition, the Yb-doped W-type fiber provided 3¥ cw output power
without any roll-off in the output due to the Raneffect. Although the W-type
fiber could not reach the peak power that has laehireved from a large core
and low NA fiber, it has shown the practical adeget of the robust single-
mode output that results from the use of a stristhgle-mode core. It looks
promising for scaling up the output power of boW @nd pulsed fiber sources

while maintaining a robust single mode output beam.

/-2 Future prospects

There are issues to improve the performances ef fifisers presented in this thesis and

also further scientific investigations are requiréddese are summarized below

- Refractive index control of HOF in the fabrication process : The
fundamental mode cut-off is sensitive to the cdiiekiness and NA. A small
change of the fiber structure causes a signifisaift of the fundamental mode
cut-off wavelength. Sophisticated control of thgeameters is required to
obtain better control of the cut-off. Moreover,tire DCHOF, the higher order
mode can be easily excited depending on the hoée bi order to make sure of
a single-mode operation, the careful control of tide size is required. In
general, the hole size is varied at the preforntapsing stage in the MCVD
process as well as during the fiber drawing stagethe MCVD stage, the
internal tube pressure should be carefully cordtbtluring the collapsing stage.
In the drawing process, the temperature and théingubpeed should be

controlled carefully in order to obtain the rigitié size in the fiber.
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The development of the polarization maintained DCH® : The Nd:Al-
doped DCHOF provided high pulse energy and pealepa¥927 nm, which is
quite useful for blue light generation (463.6 nmy fsequency doubling.
However, its output beam is un-polarized light, evhdegrades the conversion
efficiency. Therefore, the polarization-maintairfi@@HOF is required. For this,
the elliptical DCHOF can be considered. The lamgdek difference between
the air hole and core will help to create the labgefringence. Furthermore,
their fabrication process is very different to athmolarization maintaining
fibers such as PANDA [97] or bow-tie fiber [98]. &uldition, the polarization-
maintaining DCHOF may enhance the amplification sbphisticated
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 tkene area in W-type fiber is
limited, as mentioned in chapter 4. In many prattapplications, the large
core is necessary, while maintaining the fundamentaode cut-off
characteristic and single mode guiding at the ddsivavelength. One option is
to use DCHOF. DCHOF has a similar (or better) dticbaracteristic and can
provide a 4~5 times larger core area than the VE-fiiger, depending on the
hole size. It allows more extractable energy anakgsower without SRS and
can also generate a single mode output in a retagt

Yb-doped Modified DCHOF for 980 nm laser output : In chapter 5, the
problem for power-scaling of Yb-doped DCHOF at 98@ is the cladding
mode lasing. In order to avoid this, a much shafpedamental mode cut-off is
required to reduce the bending loss at 980 nmdtitian, the cladding mode

lasing can be generated due to the relatively gajh at 980 nm in Yb-doped
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fibers, even though their overlap with the dopededs small. Therefore, it is
necessary to suppress the gain of the cladding ractikely. To suppress the
980 nm cladding modes, the absorber (eg. erbiursaorarium) for 980 nm

could be employed in the inner cladding.
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