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1. Introduction

Micro-structured fibres with air holes have been studied widely in the last decade for a large
variety of applications (Russell, 2006). The first notable one is the ability to engineer
anomalous dispersions below 1.3um (Ranka 2000). Material dispersion of silica is normal
when wavelength falls below 1.3um. Substantial anomalous waveguide dispersion is
required for a total anomalous dispersion at these short wavelengths. This is made possible
by the strong refractive index contrast between glass and air holes in micro-structured fibres
with air holes. Octave-spanning super-continuum generation in these micro-structured
fibres at wavelengths where femtosecond lasers are readily available leads quickly to the
development of f.o-stabilised frequency combs and a new convenient timing standard at
optical frequencies (Jones 2000).

A second major application of micro-structured fibres with air holes is the possibility of
making a pump cladding with air holes in a double clad fibres used in high power lasers to
convert a low brightness large pump beam into a much smaller diffraction-limited output
beam guided in a rare-earth-doped single mode core in the middle of the pump guide
(Limpert 2004, 2005, 2006). The high refractive index contrast between glass and air is
especially beneficial for the guiding of pump power in a relatively small pump guide for
efficient pump absorption. Optical fibres with large heat-dissipating surface placed very
close to an active core have proven in the recent years to be very effective in producing high
average powers in excess of multi-kilowatts while mitigating thermal effects commonly
found in solid state lasers (Gapontsev 2009). Commercial realm of high power fibre lasers
has been rapidly expanding in recent years.

It is worth noting that, in the two applications mentioned above, air holes do not need to be
placed periodically, and consequently I have referred to the fibres as micro-structured fibres
instead of photonic crystal fibres, where a periodicity is implied. Indeed, in both cases, non-
periodical cladding is proven to be highly sufficient (Dong 2008, Fu 2008, Limpert 2004,
2005, 2006). In the third important application, periodic cladding is critical (Robert 2005).
This is the case of hollow-core photonic crystal fibres, where optical mode is guided in a
larger air hole in the centre of the fibre. The largely air-guidance leads to low nonlinearity
for high peak power delivery and strong interaction between the guided mode and gas in
the core for gas spectroscopy. The high refractive index contrast and periodic cladding are
both essential in these fibres.
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Fibre lasers have been very successful in producing high average powers and are, however,
limited in their ability to generate high peak powers. This is due the small core found in
most conventional single mode fibres. The tight confinement in combination with long
effective length allows nonlinear effects to accumulate, ultimately limiting fibre laser’s
ability for high peak power generations. Self-phase modulation (SPM) originates from
nonlinear Kerr effect, where different temporal part of an optical pulse propagates at
different group velocity, and can lead to new frequency generation at the leading and
trailing edges of an optical pulse. It can eventually lead to significant spectral broadening
for sub-ps pulses. Stimulated Raman scattering (SRS) originates from the interaction of
optical power with optical phonons and can lead to significant power transfer to longer
wavelengths for high peak power pulses. Stimulated Brillouin scattering (SBS) originates
from the interaction of optical power with acoustic phonons and can lead to significant
power transfer to the backward-propagating and slightly frequency-downshifted optical
powers in spectrally narrow fibre lasers.

There is, therefore, an urgent need for large core fibres that supports single spatial mode
operation to further extent peak powers of fibre lasers. These high peak power lasers of
femtosecond, picoseconds and nanosecond durations are especially useful for micro-
machining in material processing, biological and medical applications. Conventionally,
single mode operation is ensured when normalized frequency V=2npNA /A is below 2.405,
where p is core radius, NA is numerical aperture, and A is wavelength. A lower NA is
clearly desirable for large core size. It is, however, limited by two issues. The first one is that
a lower NA leads to a reduction in guidance and consequently higher bend loss. The second
issue is the control accuracy of refractive index during fibre preform fabrication. It is
generally accepted that the minimum NA=0.06 is a good compromise of all factors involved.
This leads to a maximum core diameter of ~13um at 1um and ~20um at 1.55um. It has been
pointed out that single mode operation in multimode fibres can be achieved, assuming one
is careful in launching only the fundamental mode (Fermamn 1998). In practice coiling is
also used to create additional propagation loss for the higher order modes (Koplow 2000).
This extends core diameters to ~30um at 1pm for effective single mode operation. Further
increase of core diameter leads to much increased difficulties in launching only fundamental
mode and in creating differential mode loss by coiling to due the much higher mode density
in much larger core fibres which leads to a high degree of mode coupling.

2D micro-structuring of cladding can lead to new designs which are not possible in
conventional optical fibres with essentially 1D design in radial direction. Leakage channel
fibres described in this chapter are one of the new designs made possible by 2D micro-
structuring of cladding for much improved differential mode loss controls (Dong 2007, 2008,
2009). Micro-structuring also allows much lower NAs to be implemented for strictly single
mode fibres with large cores. Two examples are given in this chapter, i.e. endless single
mode fibres (Dong 2008) and stress-induced waveguides (Fu 2009). These two types of fibre
have very limited ability to be coiled. It is very useful, however, in applications where a
short straight fibre is usually sufficient, e.g. in short fibre amplifiers with highly doped cores
which are demonstrated recently (Suzuki 2009) and generations of SPM-broadened spectra
for compression in ultra short pulse generations. A very important point to note is that high
refractive index contrast is not necessary for these large core fibre designs, where a low
refractive index contrast is sufficient and advantageous for further limiting higher order
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mode propagations. This leads to all glass micro-structured fibres with much improved ease
of fabrication and use comparing to micro-structured fibres with air holes.

Despite the fact that air is a readily available ingredient there are a number of drawbacks
related to the use of air holes in fibres. The first one is the difficulty in precisely controlling
the dimension of air holes in fibre fabrication, an intrinsic problem of a holey structure due
to the air hole’s tendency to collapse during fibre drawing. This is usually countered by a
precise control of pressurization of the air holes, a process dependent on drawing conditions
such as furnace temperature, feed rate, and drawing speed. When small air holes are
desirable as in endless single-mode PCFs (Birks 1997), high pressure is required to maintain
air hole dimensions due to the significantly increased tendency for the air holes to collapse
by surface tension in this regime. This can make air hole dimensions to become highly
sensitive to drawing conditions. This delicate balance of pressurization and collapse can
lead to issues of controllability and repeatability in PCF fabrication. The air holes in a PCF
can also disturb smooth fracture wave propagation during fibre cleaving, leading to a poor
cleaved surface due to the appearance of deep fractures behind the air holes, a problem
often aggravated by large air holes and high cleaving tensions. In addition, air holes are
often thermally sealed at fibre ends to minimize environmental contaminations, and mode
distortion can occur due to asymmetrical stress over the fibre cross section and along the
fibre from the collapsing or splicing process. This is especially true for large-mode-area
tibres, which are much more susceptible to small perturbation.

2. All Glass Endlessly Single Mode Fibres

The first endless single-mode photonic crystal fibre (PCF) was demonstrated in 1996 (Knight
1996). It is the first application, followed by many others, where unique features of PCFs are
demonstrated. In the case of an endless single-mode PCF, the dispersive nature of a
photonic crystal cladding is used to make a fibre that supports single-mode operation over
its entire range of guidance. The fibre possesses a short wavelength cut-off, due to
diminishing guidance as a result of light’s increasing ability to avoid air holes, and a long-
wavelength cut-off, due to the vanishing ability of the fibre to confine the localized mode at
an increasing wavelength as in any conventional fibres. One major application of the endless
single-mode PCF has been in making fibres with a large effective mode area, a topic under
intense study for power scaling in optical fibre lasers limited by nonlinear effects (Limpert
2004, 2005).

The first analysis of an endless single-mode PCF was performed using a method
approximating a hexagonal unit cell with a circular one and assuming p=A (Birks 1997),
where A being centre-to-centre hole separation or pitch. This allows effective V value to be
evaluated and gives an endless singe mode regime for designs with relative hole size
d/A<0.16, where d being hole diameter. A number of theoretical studies subsequently
refined the single mode and multimode boundary of the PCFs and allow these PCFs to be
easily designed. Using a multipole mode solver, Kuhlmey et al could accurately simulate
confinement loss of modes in a PCF (Kuhlmey 2002). They showed that the confinement loss
of the 2nd order mode displays two distinctive regimes over wavelength. The two regimes
both have near linear dependence on normalized wavelength when plotted on a logarithmic
scale. The 2nd order mode is well confined to the core in the short wavelength regime and is
no longer localized in the long wavelength regime, indicating a loss of core guidance. The
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peak in the second order derivative of the 2nd order mode confinement loss is used in to
pinpoint the exact transitional point where the 2nd order mode is no longer guided in the
core. This gives an endless single-mode regime for PCFs with d/A<0.406. This method also
gets around the arbitrariness of defining p=A (Birks 1997). Furthermore, Kuhlmey et al in a
separate paper also point out that fundamental mode does not have the same clear cut-off
(Kuhlmey 2002), a point analogous to that of a fundamental mode in conventional step
index fibres, which is always guided and just gets weaker in guidance at smaller V values. It
is also worth noting that Nielsen et al puts endless single mode regime to be at d/A<0.43,
using a more geometrical argument involving transverse mode dimension (Nielsen 2003).

| —all glass PCF
| ----PCF with air holes from Kuhlmey et al —_—
. i
!”‘
< 0.1 Fi
-~ I
< !
0.01
0.001 E

0 0.2 0.4 0.6 0.8 1
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Fig. 1. Single mode and multimode boundary of PCFs, where all glass PCFs have a refractive
index difference of 1.2x10- between the background and cladding features.

The multipole method can be used to evaluate confinement loss of the 2nd order mode in all
glass PCFs with refractive index difference between that of the low index glass rods n; and
the background glass ny An=ny-n,=1.2x10-3 (Dong 2008). This low refractive index contrast is
chosen because the fluorine-doped silica glass is commercially available and especially
suitable for large core operation. This refractive index contrast is also used throughout this
chapter. The single mode and multimode boundary, ie. 2nd order mode cut-off, is
summarized in fig. 1 as a solid line for the all glass PCFs, along with the corresponding
dashed-line curve for PCFs with air holes (Kuhlmey 2002). Single mode regime is to the top-
left of each curve while multimode regime is to the bottom-right of each curve. Endless
single-mode regime is characterized by being single mode for the entire wavelength range.
This requires d/A<0.42 for the all glass PCFs, which is only slightly different from
d/A<0.406 for PCFs with air holes. This is remarkable, considering the refractive index
contrast has changed by over two orders of magnitude in these two cases. This is, however,
an indication that the dispersive behaviour of the photonic crystal cladding responsible for
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the endless single-mode regime is much more sensitive to the normalized geometry and
much less to refractive index contrast at the short wavelength limit. It can also be seen from
fig. 1 that the all glass PCFs also have a significantly increased regime of single mode
operation for d/A>0.42, reducing required normalized wavelength A/A by over an order of
magnitude. This is due to a significant reduction of the effective refractive index difference
between the silica core and the composite cladding in the all glass PCFs, leading to a lower
effective V value at the same d/A. In general, the all glass PCF is expected to be more
bending sensitive due to the reduced effective refractive index difference. They, however,
allows well over an order of magnitude larger core diameters for single mode operation.

780nm B800nm 910nm  980nm 1000nm 1000nm
Fig. 2. Fabricated PCF cross section (2p=47pm, d/A=0.36, A=28.7um, d=10.3pm), measured
2D refractive index, measured modes at various wavelengths and simulated mode at Tum.

An all glass PCF is fabricated with d/A=0.36 and A=28.7um using silica background and
fluorine-doped silica rods in the cladding, using the standard stack-and-draw technique.
The cross section of the all glass PCF is shown in fig. 2 along with a 2D refractive index scan
of the fibre. Birks et al have also pointed out that, at long wavelength cut-off, PCF behaves
like a standard fibre and, at short wavelength cut-off, the critical bending radius of a PCF
approximately sales as Rcocp3/A2 (Birks 1997), a result directly comes from the constant V
value of PCFs over a wide range of wavelengths. The fabricated all glass PCF has
normalized wavelength 1/A~0.035 at A=1pum. This certainly put the fabricated PCF in the
short wavelength regime and its critical bend radius would scale with cube of core radius to
be at least three orders of magnitudes larger than that of the PCF reported by Birks et al
(Birks 1997) to be estimated at several meters. To characterize mode properties at different
wavelengths, light from a broad band supercontinuum source is filtered by a 10nm band-
pass filter and is then focused down to a size matched to the MFD of the fibre mode to
launch it into a straight 20cm length of the fabricated all glass PCF. Clear single mode
operation at 1.05um is observed with no sign of any guided higher order mode in the core
even for such short length of fibre. The band-pass filter is then changed to a second band-
pass filter centred at a different wavelength. The launch optics is re-adjusted to match the
mode size at the new wavelength. Mode at the new wavelength is then measured. Measured
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output mode patterns are shown in fig. 2 along with the simulated mode at 1000nm. Loss of
fundamental mode guidance is observed at below 800nm. This would give us a maximum
2p/ ) of ~60. The simulation gives an effective mode area of 2147pm?2 at 1um wavelength.
The loss of the fabricated fibre is estimated to be less than 0.1dB/m at ~1um when kept
straight, dominated by material losses.

3. Stress-induced Waveguides

In all glass micro-structured fibres with fluorine-doped silica glass features, the cladding
features have a slightly larger coefficient of thermal expansion than that of the surrounding
silica glass. It would contract more than the surrounding silica during cooling after exiting
the furnace on the fibre drawing tower. This contraction is, however, constrained by the
surrounding silica glass and will consequently put the surrounding silica glass under
compression and the adjacent fluorine-doped glass under tension. This stress causes a
refractive index rise in the silica glass next to each fluorine-doped rod and a corresponding
refractive index reduction in the adjacent fluorine-doped glass. Frozen-in drawing tension
can also contribute towards this refractive index change. It is worth noting that the refractive
index change from a mismatch of coefficients of thermal expansion cannot be eliminated by
thermal annealing, while the index change from the frozen-in drawing tension can be
annealed above glass transition temperature. This stress-induced refractive index change is
very small. Its effect is negligible in the all glass endless PCF with core diameter of ~50pm or
lower described in the last section. It is, however, a convenient and controllable way to
produce very small refractive index contrast, and can be used to make strictly single mode
waveguide with V<2.405 with very large core diameters.

Refractive index difference

U N

Radial position
a] (b)
Fig. 3. (a) Fibre cross section and (b) refractive index scan through the centre of the fibre.

The cross sections of all the fabricated fibres are identical and an example is shown in fig. 3a,
along with its refractive index profile in fig. 3b. The fibres are made with a hexagonal array
of slightly fluorine-doped silica rods in a silica background. A single fluorine-doped rod is
missing in the centre. This fibre is very similar to the fibre used in the all glass endless
single-mode PCF described in the last section, but has a much larger core. A rod diameter d
to a centre-to-centre spacing A ratio, d/A=0.36 is used. A hexagonal low index trench,
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shown as dark line in the fibre cross section in fig. 3a, develops half way between the low
index rods. This effectively forms an index guiding core in the centre of the fibre with a near
parabolic refractive index profile and a core diameter 2p (see fig. 3b). The refractive index
scan in fig. 3b is right through the centre of the fibre and the centres of six low index rods.
The six low index rods can be clearly seen, along with the refractive index rise in the silica
glass adjacent to each low index rod due to the compressive stress as well as the
corresponding refractive index reduction in the fluorine-doped silica glass adjacent to the
silica glass due to the tensile stress. The low index trench between the low index rods (dark
hexagonal line in fig. 3a) can also be seen clearly in the refractive index profile in fig. 3b.
Clearly visible is also the parabolic core with a diameter of 2p.

- 780nm

Fig. 4. (a) Measured modes at various wavelengths in the fibre with 2p=82um by a broad
band supercontinuum source and a band-pass filter, (b) captured mode image in the fibre
when fibre end is illuminated and captured mode image when launched power is increased
to saturate the mode on the CCD. White dotted circles mark the location of the inner six low
index rods.

Of the several fibres fabricated, the first one has A=90um, 2p=82um, and a fibre diameter of
835um. The second fibre has A=142um, 2p=130um, and a fibre diameter of 1.32mm. Since we
are not able to measure refractive index of large fibres, two smaller fibres with A=18pum and
31um are also drawn for refractive index measurements. Both sets of measurements show a
parabolic index profile of the core and a refractive index difference between the centre of the
core and the low index trench AN of ~6x10-5, largely independent of pitch A. Our waveguide
mode analysis with a parabolic index profile of AN=6x10-5 and 2p=82um gives a LP11 mode
cut-off wavelength at 960nm for the first fibre. This makes the first fibre a strictly single
mode fibre at 1um. The same analysis also gives a MFD of ~68um and an effective mode
area of ~3600pm?2 at 1um, setting a record for effective mode area of a single mode fibre at
lum. Similar analysis with 2p=130pum gives a LP11 mode cut-off wavelength of 1.5um for
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the second fibre. This would make the second fibre few-moded at 1um, but single mode at
1.55pum. The same analysis also gives the second fibre a MFD of ~80um and effective mode
area of ~5000um?2 at 1um and a MFD of ~108um and an effective mode area of ~9100um?2 at
1.55um.

The mode at various wavelengths is further characterized with a broad band
supercontinuum source and a band-pass filter. Stable single-mode operation is easily seen
above 850nm (see Fig 4(a)). At shorter wavelengths, evidence of higher order mode is
observed. Strictly single-mode operation at ~1um is also tested when the output mode is
continuously monitored while the launch positioning stage is moved away from the optimal
position and then back. An ytterbium ASE source is used for this test. No higher order mode
is observed while adjusting the launch position up to the point where the fundamental
mode is entirely turned off at the fibre output. Total transmission with reference to the
power just before the fibre input end is measured to be 91.4% at ~lpm. This includes
reflection losses at the two fibre ends, indicating extremely high launch efficiency and low
transmission loss of less than 0.05dB/m at ~1um. To confirm that the mode is guided in the
high index region in the centre of the fibre, not by PCF guidance, the fibre output end is
illuminated by additional white light source while the output mode is monitored at ~1pum. It
can be clearly seen that the mode only occupies the centre part of the PCF core and does not
extend to the low index rods (see the captured image shown on in Fig. 4(a)). White circles
mark the location of the inner six low index rods. A further test is done by monitoring the
output mode while increasing the launched power until the centre part of the mode is
saturated (see Fig. 4(b)). This way, faint structures away from the mode can be observed.
The weak light in the high index ring around each low index rods can be clearly seen (the
location of the inner six low index rods is marked by white circles). Also visible is that the
output mode is confined within the low index trench around the parabolic refractive index
core. It is clearly evident from the two tests shown in fig. 4 that the mode is guided by the
local high index core in the centre of the fibre.

Robust single-mode propagation is also easily observed in the second fibre at ~1pm using a
similar experimental set-up, an ytterbium ASE source and ~1m straight fibre. The second
mode can be seen in this second fibre at ~lum when launch is optimized to excite it. No
higher order mode than the second mode is observed. Both the fundamental and second
mode are clearly seen being guided by the parabolic index core in the centre of the fibre.

4. All Glass Leakage Channel Fibres

4.1 Introduction

Leakage channel fibres (LCFs) differ from conventional optical fibres by breaking up the
continuity of the core and cladding boundary. This broken boundary at the core and
cladding interface in a LCF effectively ensures that internal reflection cannot be satisfied
everywhere, unlike in a conventional optical fibre, and, consequently, makes the waveguide
leaky for all modes. This unique property of LCFs enables them to be precisely engineered
to have high confinement loss for all higher order modes and low confinement loss for the
fundamental mode, significantly extending the fundamental mode effective area comparing

www.intechopen.com



All Glass Micro-structured Optical Fibres 573

to that of a conventional single mode optical fibre. We essentially exploited the increased
ability of higher order modes to leak through small gaps in the core and cladding boundary
while maintaining good fundamental mode confinement, a concept elegantly explained
recently by Russell (Russell 2006).

4.2 Differential Mode Loss in LCFs
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Fig. 5. Effect of d/A on confinement loss and the loss ratio between the 2nd mode and
fundamental mode for a LCF with 2p=50um.
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of LCF designs and the modal index difference of the fundamental and 2nd order modes
near the lower limit in LCFs with An=1.2x10-3.

The effect of normalized hole diameter d/A is studied in fig. 5 for confinement losses and
the ratio of the 2nd mode loss to the fundamental mode loss. The confinement loss for both
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the fundamental and 2rd modes increases towards small d/A with the loss ratio changed
very little over the entire range of d/A, from 22 to 28. This almost constant nature of the loss
ratio against d/A makes it a good measure of design quality when studying LCFs. Once a
design is optimized for the maximum loss ratio, differential loss between modes, a more
meaningful measure of higher order mode suppression in a fibre amplifier, can be obtained
after d/A is determined to give an acceptable fundamental mode loss. The loss ratio of all
glass LCFs is very similar to a LCF with air holes (Dong 2007). Slightly larger d/A is,
however, required for achieving a similar confinement loss.

Using an example design criteria which requires the fundamental mode loss, arv<0.1dB/m,
and the 2nd order mode loss, 0ng>1dB/m, the design space at various core diameters is
studied in fig. 6. It is interesting to see that the design space rapidly disappears below
2p<30um and totally vanishes at 2p=~24um, limited by d/A<1. Design space widens at large
core diameters and smaller d/A is required for large core diameters. It is, nevertheless, easy
to see from fig. 6 that designs for very large core diameters are possible. Maximum
achievable core diameter will ultimately be limited by intermodal coupling due to the
vanishing modal index difference. Core diameters of over 200um may indeed be possible
with appropriate choice of fibre diameters.
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Fig. 7. Effect of d/A on confinement loss and the loss ratio between the 2nd mode and
fundamental mode for a LCF with two layers of features and 2p=50um.

LCFs with two layers of features can be used to further improve the differential confinement
loss between the fundamental and 2nd order mode at the expense of bending performance.
Acceptable fundamental mode loss at smaller feature sizes can be realized in LCFs with two
layers of features due to the improved fundamental mode confinement, while leakage of
higher order modes is substantially increased by a reduction of feature size despite the
additional layer of features. Higher differential loss between modes can therefore be
realized. Since bending loss of the fundamental mode is very strongly dependent on feature
size, a reduction of feature size increases bend loss of the fundamental mode in LCFs. A LCF
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with two layers of features is studied in fig. 7. Both the fundamental mode and 2nd order
mode loss shows the characteristic increase at small d/A, while the loss ratio ong/orm is
increased by over an order of magnitude comparing to the designs in fig. 5. At d/A~0.548,
the fundamental mode loss apv~0.1dB/m, while the 2nd order mode loss angx48dB/m, a
loss ratio aind/ arm of ~480. A very high loss ratio oong/ arm of ~700 is possible at d/A=0.62.
In LCFs with two layers of features, the loss ratio a2nd/orv can change significantly over a
small range of d/A and will no longer serves as a useful parameter as that in the LCFs with
a single layer of features.

4.3 Bend Loss of LCFs

LCFs with hexagonal features as illustrated in fig. 8 are also studied for bending effects.
Circular features have also been studied and the conclusion in this section is found to be
largely independent of feature shapes. The fundamental, 2nd and 3rd modes in a LCF at bend
radius R=20cm for both AA and BB bends are shown in fig. 8. This LCF has 2p=50pum, and
d/A=0.75. Generally, modes moves away from the bend centres and can be severely
distorted from the straight case. The 2nd mode loss versus the fundamental loss for various
bend radii and both AA and BB bends is summarized in fig. 9. For the AA bends, the loss
ratio oond/opm converges to a line defined by oong/arv=8 at small bend radius regardless
d/A values. For the BB bends, the 2nd mode loss can be much lower than that of the
corresponding AA bend at small bend radius. Bend orientation needs to be carefully
managed if it is required to operate at very small bend radii. It is, therefore, preferable not to
operate at very small bend radii.

R=20cm, diA = 0.75 R=20cm, diA = 0. 75

1 -

Fig. 8. Illustration of the simulated LCF with hexagonal features and the fundamental mode
(bottom), the 2nd mode (middle) and the 3rd mode (top) for 2p=50um, d/A=0.75 and bend
radius R=20cm for both AA (left) and BB (right) bend planes. The structure for the AA plane
simulation is shown in the top figure. For the BB bend plane simulation, the fibre is rotated
by 90 degree and the top half is chosen for the simulation.
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Critical bend radius for oapy =1dB/m and 2dB/m for LCFs with of six circular features,
2p=50um, and d/A=0.9, is plotted in fig. 10. The critical radius changes slowly at small core
diameters, but increases faster at large core diameters. Coil diameters of less than 0.5m can
be realized for core diameters as large as 100pm.
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Fig. 9. The 2nd order mode bend loss versus the fundamental mode loss for AA and BB bend

planes is plotted for LCFs with six hexagonal features, 2p=50um, and d/A=0.75, 0.8, 0.85, 0.9
and 0.95.
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Fig. 10. Critical bend radius for ary =1dB/m and 2dB/m for LCFs with six circular features,
An=1.2x10-3, 2p=50um, and d/A=0.9.
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4.4 Resonantly Enhanced LCFs

The analysis so far is performed considering a waveguide formed by six or eighteen features
in an infinite background glass. In reality, there is a finite fibre diameter and additional
coatings on the optical fibre. There are typically two types of coatings used. A high index
polymer coating is typically employed for standard optical fibres and a low index coating is
used to form a double clad fibre which supports a multimode pump within the low index
coating. In case of LCFs, there is a strong optical coupling between the core formed by the
six low index features and the second cladding region beyond the six low index features. A
deeper understanding of LCFs requires a study of the overall fibre with coating included.
For high average output powers, a high power multimode pump is usually deployed in
combination with a double clad fibre. An example of a double clad fibre is a LCF with low
index polymer coating where a multimode pump is guided within the low index coating
while a single spatial mode laser beam is guided in the core doped with active ions. Many
modes are guided in a double clad LCF when considering the overall fibre. Fig. 11 tracks a
number of lower order modes for a LCF with 2p=50um, d/A=0.7, and Ncoating=1.37, while
varying fibre outer diameter. The refractive index of the background silica glass is simulated

by an empirical formula at A=1.05um (Ghatak 1998).
|

felsy
fop = _———
| A = - e
- # i g e |
.g I o - |
5 _1—"(-T o o~ - _,_/
& ” e |
- A : -
] . : T
E Pt o ,
= - " i
£ = e s
= + . Wit |
l:‘Ii‘._-—ﬂ-' 7 g :.:J, v = F
g T 4 'l o
r VT ' T o
115 145 16% 185 105 115 M5 s s B

Fiber outer diamaeter [jam]

Fig. 11. Effective index of modes in a double clad LCF with 2p=56ﬁm, d/A=0.7 and
Ncoating=1.37 at A=1.05pum.

The Fundamental core mode is represented by red dots (top horizontal line) and the second
core mode by blue dots (bottom horizontal line) respectively in fig. 11. All the other modes
are represented by black circles. The first point to note is that the fundamental core mode is
no longer the fundamental mode (the mode with largest effective index) of the fibre at larger
fibre diameters, which is a mode with most of its power in the second cladding region
beyond the six low index features. In other words, the fundamental core mode is just
another higher order mode of the fibre, which happens to resemble a Gaussian beam in the
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core. The second point to note is that there are strong anti-crossings, where strongly
interacting modes take on each other’s features, e.g., a fundamental core mode at ~170pm or
a second core mode at ~135um (see insets in fig. 11 for modes), and weak anti-crossings, e.g.
fundamental core mode at ~195um (see inset for mode), where the concerned modes share
very little common features in practice (coupling is forbidden by symmetry). A third point
to note is that there are many more strong anti-crossings for the second core mode. Strong
anti-crossing is interesting, because the mode can have a larger part of its power in the
cladding where there is no gain and, more importantly, the increased reliance on the glass
and coating boundary for its guidance makes it more vulnerable to power leakage to coating
and higher order modes through macro and micro bending as well as perturbation-induced
coupling at the glass and coating interface. If a fibre diameter is chosen such that the second
core mode is at a strong anti-crossing, further higher order mode suppression and much
improved single mode operation in the core can be achieved.
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Fig. 12. Confinement loss and modal index of fundamental and 2nd order mode in a LCF
with 2p=50pum, d/A=0.7 and Ncoating=1.54 at A=1.05pum.

In a double clad LCF with low index coating, all guided modes are theoretically lossless, i.e.
there is total internal reflection for the large number of guided modes at the glass and
coating boundary. Though all modes are guided in this case, the modes which derives
significant part of its guidance from glass and coating interface and less of their guidance
from the inner cladding features are much more susceptible to macro and micro bending
due their much large spatial presence and to glass and coating interface imperfections. This
will effectively remove power away from these modes and reduce their effective
propagation distance in the core, effectively rendering them lossy. Robust single mode
operation in the core in this case implies that adequate core guidance is only possible for the
fundamental core mode. In case where the core is doped with active ions, only the
fundamental core mode will be strongly amplified.

While all guided modes are lossless in a LCF with low index coating, all modes are leaky in
a LCF with high index coating and modes which rely strongly on glass and coating interface
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and less on the inner cladding features for its guidance will leak out quickly. Confinement
loss, in this case, provides a good measure of how much a mode is guided by the inner
cladding features, and, consequently, of mode discrimination in propagation. The
significant part of the respective mode features remain unchanged when the higher index
coating is replaced by a lower one, and, consequently, the analysis for the case of high index
coating also provides a good measurements in terms of mode robustness for the case of low
index coating in a double clad fibre. The confinement losses of the same LCF with a high
index coating of Ncoating=1.54 and A=1.05pm is shown in fig. 12. Modes higher than 2nd
mode, in general, have much higher loss and do not need to be considered in practice (Dong
2007). The peaks in the confinement loss are from strong anti-crossings. They remain at the
same locations as those in fig. 11 with low index coating. It can be clearly seen that a
significant increase of mode discrimination can be achieved by operating at a strong second
core mode anti-crossing.

4.5 Experiments

Joum 40um S0u m ?‘G fum  152um

dar.
I Ll —Fm

d/1=0.9 dA1=0.9 dl1=0.8 J::f.ft ﬂ' S
Fig. 13. Some examples of fabricated all Glass LCFs.

20
40 4 ~- s 3rd
‘ i\ o FM measured

1=0.9

« by M L3 02
== L == R

—h
o n
{ -

.-'._Ia‘i

Loss (dB/m)

=

0.00 0.05 010 0.15
Bend radius (m)
Fig. 14. Measured and simulated bend loss in a LCF with 2p=50pm and d/A~0.9.

A wide range of all glass LCFs are fabricated from core diameters from 35um to well over
100um. All fibres are made with silica glass as the background glass and slightly fluorine-
doped silica glass as the features. LCFs with both circular and hexagonal features are
fabricated and tested. The condition for the fabrication of LCFs with hexagonal features also
creates LCFs with rounded hexagonal outline (see fig. 13). Such a shape is known to be
preferred for the pump mode mixing in a double clad fibre where pump propagates in a
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much large cladding guide. A LCF with 2p=30pum and d/A=0.9 is also fabricated and tested.
The fundamental mode in this fibre is found to be not well confined with much of its power
in the cladding. This is not too surprising, considering that it has been anticipated from fig. 6
that design space for LCFs with core diameter below 30um rapidly vanishes. All other
fabricated fibres in fig. 13 are easy to achieve fundamental mode propagation with a varying
degree of bend loss performance. In general, bend loss increases rapidly with a core
diameter increase.

A fabricated LCF with hexagonal features, 2p=50um and d/A=0.9 (see insets in fig. 14) is
first have it bend loss measured without any deliberate effort to identify bend orientations.
This LCF is also simulated by FEM using the extracted feature contours from the measured
cross section photo of the fibre (see bottom inset in fig. 14). All fibre parameters used in the
simulation are directly from the measured cross section, which define the locations and sizes
of each feature. The simulated fundamental mode bend losses along AA and BB bend planes
are found to be reasonably close for this fibre over this range of bend radius. The bend loss
of AA bend plane is plotted and is found to fit very well with the measured data, providing
a reasonable level of confidence in the FEM simulation.
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Fig. 15. Cross section, measured mode and fibre details are given for the LCF with 101pm
core, left inset, and the LCF with 183.3um core, right inset. Both fibres have coating index of
1.54. Measured bend loss for LCFs with various core diameters.

The LCF, shown on the top left inset in fig. 15, has 2p=101um, d/A=0.9 and a coating with
Neoating=1.54. The effective mode area of the LCF is calculated to be 5117pm?. A length of the
LCF ~6m long is loosely coiled in a 1m coil and the Measured M2 with an ASE source and
Spiricon M2-200 is M2=1.26 and M2,=1.29. M2 is commonly used for beam quality
measurement. A M2 value of 1 corresponds to a perfect Gaussian beam profile, with all
practical beams having an M2 value >1. The LCF, shown on the top right inset, has
2p=183.3um, d/A=0.8 and a coating with nceating=1.54. A conventional single mode optical

www.intechopen.com



All Glass Micro-structured Optical Fibres 581

fibre of the same scale is also shown for comparison. The effective mode area of this LCF is
calculated to be 15861um?, a record effective mode area and over two orders of magnitude
improvement over conventional single mode optical fibre. The Measured M2 of a Im
straight fibre with an ASE source is M2,=1.22 and M2,=1.23. Measured mode pattern at the
output of the fibres are also shown in fig. 15. Mode, in general, is more sensitive to external
stress on the fibre at very large core diameters, leading to the distortion on the mode
pattern.

Fig. 15 also summarizes bend loss measurements in fibre LCFs with core diameters of 35um,
40pm, 50um, 101pm and 152um respectively. The fibre is first laid in prefabricated circular
grooves with various diameters. Transmission at each coil diameters is then measured after
the output mode pattern is confirmed. Absolute transmission of the fibres is measured by a
separate cut-back measurement. The absolute transmission is then used to re-calibrate the
relative bend loss measurement. The ability of LCFs to be bent diminishes very quickly as
the core diameter increases. This effect is fundamentally related to the fact that the ability of
guided modes to navigate a bend is related to how rapidly a mode can change its spatial
pattern without breaking up while propagating, i.e. maintain adiabatic transition. As the
mode gets larger, this ability to change diminishes very quickly.

00000

780nm 800nm 910nm 1000nm 1100nm
Fig. 16. The cross section and measured modes for a LCF with An=1.2x10-3, 2p=52.7um,
d/A=0.8, flat-to-flat dimension=254.2um, effective mode area=1548um?2 at 1.05um, pump
absorption=11dB/m at 976nm, pump NA=0.45. Measured M2 at 1064nm is 1.17/1.18.

Mode From o LCF with 20 lam

Hi 160 80cm LCF

£
Splice

Fig. 17. Measured mode of the Hi1060-spliced and ;lfterbium-doi})ed LCF.

Ytterbium-doped all glass LCFs is also fabricated by incorporating ytterbium-doped glass
with refractive index closely matched to that of the silica glass. An example of such a fibre is
shown in fig. 16. This LCF is coated with a low index polymer, which guides pump with a
pump NA of 0.45. This LCF has pump absorption of 11dB/m at the peak of ytterbium
absorption at ~976nm. This LCF also has 2p=52.7um and d/A=0.8. This gives simulated
effective area of 1548um?2 at 1.05um. This LCF has a rounded hexagonal shape and a flat-to-
flat dimension of 254.2um.
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The mode from a 20cm piece of this LCF is measured using a broad band super-continuum
source followed by a band-pass filter. Captured mode at various wavelengths is shown in
fig. 16. It can be seen that fundamental mode operation is achieved in such a short length of
fibre for wavelength as low as 800nm. This LCF is found to robustly guide the fundamental
mode at ~1pm. The output mode pattern is essentially independent of launch conditions.
This test also shows that mode quality is not compromised by the incorporation of the
ytterbium-doped glass in the core. It is further demonstrated that this LCF can be directly
spliced to Hi1060. The splice loss is measured at 1.3pm away from the ytterbium absorption
to be ~1.5dB. This is much lower than the expected ~10dB from modal overlap, indicating a
significant level of mode-matching at the splice. No compromise of mode quality is
observed when light is launched via Hil060 at ~1um, demonstrating potential for all-fibre
devices with much improved stability and reliability (see fig. 17).

(a) |
Fig. 18. (a) An all glass active LCF and (b) an all glass PM active LCF with highly fluorine-
doped pump cladding.

Additionally, active double clad all glass leakage channel fibres can be fabricated with
highly fluorine-doped silica as pump cladding (see fig. 18). The new all glass leakage
channel fibres have no polymer in the pump path and have independent control of fibre
outer diameters and pump cladding dimension, and, therefore, enables designs with smaller
pump guide for higher pump absorption and, at the same time, with large fibre diameters to
minimize micro and macro bending effects, a much desired features for large core fibres
where intermodal coupling could an issue due to much increased mode density. Stress rods
can also be added for PM LCFs (see fig. 18).

5. Conclusion

All glass micro-structured fibres enables access to many new 2D designs beyond
conventional optical fibres while maintaining the ease of fabrication and use akin to that of
conventional optical fibres. This new technology has proven to be especially useful for
single mode operations in fibre with core diameters much beyond conventional optical
fibres. These fibres are starting to find significant applications for power scaling in fibre
lasers, potentially enabling fibre lasers to be able to compete with solid state laser in offering
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pulsed laser systems of high peak powers for material processing and biomedical
applications.
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