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Chaotic billiard condition is not confirmed
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Figure 4. Pump absorption in kidney shaped fibers

H. Zellmer, A. Tinnermann, H. Welling, and W . Reichel, “Double-Clad Fiber Laser with 30 W Output Power,”in Proc. Opt. Amplifiers and
their Applications OAA'97, Victoria, Canada, p. FAW18 (1997).
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Propagation of pump radiation computed using BPM (FEM and FFT based). Curvature due to coiling
included using modified refractive index profile
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Experiment + ray tracing and WKB modelling adopte-
bending
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side of the spool
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« Twisting improves the pump field coupling between fibers

« Absorption is consequently enhanced

Pavel Koska, avel Peterka, IEEE J. Sel. Top.
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Near field orientation

Pavel Koska & Pavel Peterk
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Opt. Quantum Electron. 47, 3181 (2015)
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Pavel Koska & Pavel Peterka,
Opt. Quantum Electron. 47, 3181 (2015)

Pump Absorpion 98]

21 Europhoton 2020 Summer school, Prague, Czechia

Pavel KoSka, Valérie Doya,
and Pavel Peterka, IEEE

staight

Pump Absorption (48]

- -~ ideal absorption -
hex
——stadium
——cicular
o twofier bunde

T2 3 4
Normalized Coordinate along the Fiber, Z

coled & twisted

=~ deat sbsorption

Pump Absorption [98]

—=—hex

< Cirutar
——two-fier bundle

J. Sel. Top.
22(2),55-62 (2016).

Normalized Coordinate along the Fiber, Z

Pump Absorption [48]

Normalized Coordinate along the Fiber. Z

Normalized coordinate:

24 Europhoton 2020 Summer school, Prague,

Caechia




15.01.2021

@ svah ® - e
ideal absorption o - - - ideal absorption v *
_ Noaon . o i .
g “f—sagom . g 2
2 r S o
§ P e i .
g s oF 2"
2, s Z o Cladding shapes: Superformula of natural
s & and abstract shapes, Am. J. of Botany,
5 ¥ 90:333(2003).
1.2 3 4 5 6 7 8 ¥ 2% 4 5 8T
Normalized Coordinate along the Fiber, Z A Hoomaizod Coorcleste siong e Fibes &
© coled 8 wisted Tiaea =70 Pump power fraction in the core -
T e maarpton 7 o (overiq ] .
g ol £ g
gt g o . prn
E 20} S twotberbunde 7 § — colled (r=3 cm) 107N
-3 i © 2% ——colled & twsted (R=3 cm, 1°/mm) | ( KY)
H : 27
g 0 3 W
Pavel Koska, Valérie Doya, H £ 30 @ - ®
and Pavel Peterka, IEEE 9 < Figure 4. o) pumping from the iner of the spiral b) pumping froms the outer of the spiral
Sel. Top. g
22(2), 5562 (2016) el ot s e b § <0 Ch. A. Codemard, A. Malinowski, and M. N. Zervas, "Numerical optimisation of pump absorption in doped double-clad
] fiber with transverse and longitudinal perturbation,” Proc. SPIE 10083, p. 1008315 Photonics West 2017
] - I
25 Europhoton 2020 Summer school, Prague, Gzechia Position Along the Fiber, 2 m] 28 Europhoton 2020 Summer school, Prague, Czechia TFE"
et e Reference field
@ @
Difference of the pump absorption between the simultaneously coiled _
and twisted fiber and coiled only fiber for 3 m long hexagonal fiber. . a E(xy)= Bn un(x,y)
30 10 n
. 06
i — = coiled & twisted E(x.v.7) = Z A w (x,y)e-iBmz
_ | I g g 05 « coiled d (x,y,2) m U (%, )
g0 A =
. e - = - 8 4 straight m
g O N o8 g i
§ —— coiled fiber 2 < Fundamental
e —— coiled & twisted fiber £ 3 * ‘undamenta
s 5 89 P(z) f E"(x,y) E(x,y,2)d2 mode field
<10 108 O g,
g 3
- 23 o
2 ~ _ .
g 3PYpy= ) Bu’ And(B — bn)
0 -20 0.0 ™
800 1000 1200 00 05 10 15 20 25 30 35
Wavelength [nm] Input Pump Power (W] M. D. Feitand J. A. Fleck, "Computation of mode properties in optical fiber
Pavel Koska,eta, Opt. Express, 24(1):102 2016), Slope Efficiency: 19.6 < 24 < 29.4 %, 50 % increiial waveguides by a propagating beam method," Applied Optics 19(7), 1154-1164 (1980).
26 Europhoton 2020 Summer school, Prague, Czechia OFe 29 Europholon 2020 Summer school, Prague, Czechia OFe
Tms* is ~11000 mol ppm (3 wt%) 2.24 rotations . L
per meter (0.8°/mm), which was increased to L”:"’d ;ml&d
4.55 rotations per meter (1.6°/mm). fiber X
twisted
% fiber
" G o secion s
iy
N Pt
Octegout e sechin 18 s
" ot st B
o e e Z1e ]
& s s £ R
o Tt 16 e st 8.,
g a1 i ot CRE Comner
g, %10 Edge' mode ‘Corner’mode
< 5
g 08 Initial
N =06 fundamental
2 Zo4 — ‘mode field
0 ° Laser threshoc
740 760 780, 800 820 840 860 880 § 02
'Wavelength (nm) H
8 0.0+=
AA.J J. Aubrecht, P. Peterka, et al., CLEO/EL -EQEC, 10 15 20 25 30 35 40 45
asim, J. Aubrecht,P. Peterka, ot a., urope-EQEC, ; P. Koska, V. Doya, and P. Peterka, in SPIE Photonics West:
X Absorbed FUT y : g
Munich, Germany. pp. CJ-P.8 (2019). sorbed pump power in FUT (W] - Fiber Lasers XIV, San Francisco, USA, 2017, p. 100830U. :
27 Europhoton 2020 Summer school, Prague, Czechia OFe 30 Europhoton 2020 Summer school, Prague, Gzechia OFe




15.01.2021

Coiled hexagon

hexagon Coiled
fiber &

twisted
fiber

Propagation distance {m]

Propagation distance (m]

circle circle

Bropanstion distance (m] Pragagation sistanca ]

P. Koka, V. Doya, and P. Peterka, in SPIE Photonics West: Fiber Lasers XIV, San Francisco, USA, 2017, p. 100831l
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P. Koska, V. Doya, and P. Peterka, in SPIE Photonics West: Fiber Lasers XIV, San Francisco, USA, 2017, p. 100831{L,
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Parameters of Yb doped active hexagonal fiber

Core diameter 12 um

Cladding diameter (flat to flat) 130 um

Core refractive index 1.4556
Cladding refractive index 1.4507
Coating refractive index 1.4027
Yb Concentration 4.54x 102 m3
(2200 mol ppm Yb3*)
Initial field Pump wavelength 975 nm
Signal wavelength 1020 nm

P. Koska, V. Doya, and P. Peterka, in SPIE Photonics West: Fiber Lasers XIV, San Francisco, USA, 2017, p. 100831iLl_
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P. Koska, V. Doya, and P. Peterka, in SPIE Photonics West: Fiber Lasers XIV, San Francisco, USA, 2017, p. 100831iLi.
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P. Koska, V. Doya, and P. Peterka, in SPIE Photonics West: Fiber Lasers XIV, San Francisco, USA, 2017, p. 100831iLi
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R. Dalidet, et al,
in Proc. SPIE, p.
105122P (2018).
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Pump absorption is enhanced by broken circular symmetry of

Y

inner cladding cross section and by unconventional coiling methods § Loem M“”

But remember: non-circular fiber shapes do not help for mode mixing in

strictly straight fibers and bent-only fibers; do not forget on pump S %
squeezing and decentering effects. §§ §

Acore

Approximation of A
core Acore _ A
i Titeat = 522

cladding pump absorption: % da

claa

It is often used in numerical modelling and quick design of
fiber lasers but use it wisely. It is only approximation!

In fact the true is the opposite, that overlap factor I'is never
constant along the fiber, for some geometry it can gets close
to the ideal case.

—o— straight
—o— coiled (r=3 cm)

Pavel Koska, Valérie Doya, Pavel Peterka, IEEE J. Sel. Top. Quantum Electron. 22, 55 (2016),
Pavel Koska, et al, Opt. Express 24, 102-107 (2016)

Relative Pump Power in the Core [dB]
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A m
. Stimulated Brillouin Scattering (SBS) =1 ¢ =3 11 _
Introduction 2 Psps ZlgBL gp=3-5x10 w
eff
. N Stimulated Raman Scattering (SRS)
Fundamental principles, pump absorption 7 Aesr 1
o § Raman scattering: 13 THz (44nm @1000 Pgps = 16L— gr =05%x107" m/W
Limitations & LMA fibers 38 nm, 92nm @1460 nm) Brillouin s.: 10 GHz IREeff
(backward)
Pump combiners 60
Technology 69 0.148 A2 m?
Self focusing Pgp=——— n,=22X 10‘2°W
Characterization 85 oMz
Self-phase modulation Pgp = 5.2MW at 1 pm, >20 MW at 2 pm
Emerging technologies & Prospects 91
Rudiger Paschotta, RP Photonics hitps:// rp-photc html
Arlee V. Smith et al, "Optical damage limits to pulse energy from fibers,”, IEEE J. Sel. Top. Quantum Electron. 15, 153-158 (2009).
L. Dong, B. Samson, Fiber Lasers: Basics, Technology, and Applications, Boca Raton, CRC Press 2016.
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Rise of power of Yb-doped fiber lasers
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Coil geometry matters: the invention of large mode area (LMA) fibres and methods to maintain single
mode operation of LMA fibres is one of major breakthroughs in power scaling of fiber lasers.

staprindex fiber
NA=008

< 2 P )

‘Core Diameter (um)
Fig. 1. Caleculated values of the LPy; suppression relative
to LPyy versus core diameter at the indicated values of yor.
The choice of L = 10 m is representative; for other fiber
lengths, similar levels of LPy; suppression are calculated
for a given yo: at slightly different values of D.

Other methods of SM regime of few mode core:

« tapering of the few-mode fiber

+ LP01 mode gain preference by confined
doping

+  Multi-trench fiber design

+ Chirally coupled core

« Twisted fiber with broken circular symmetry
of the core

« resonant filtering by leakage channel fiber or
all-solid PBG fiber

+ and others

Most widely used and experimentally simple is
still the HOM filtering by coiling

J. P. Koplow, D. A. V. Kiiner, L. Goldberg, Opt. Lett. 25, 442 (2000).

43 Europhoton 2020 Summer school, Prague, Czechia

UFE

Coil geometry matters: tight coiling reduces Aeff, Joel M.

namely in larger core LMA fibers

Fini, "Bend-resistant design of conventional
and microstructure fibers with very large mode area,”

Opt. Express 14, 69-81 (2006).

intensity intensity 1
e, 1000
g r
index index 5
A €
§ 600}
3
5
X X < 4
200150 mioron core diameter
=©- 30 micron core diameter
Fig. 4. The equivalent-index model gives ws an inuitve picture of bend-induced distorton o
and aren seduction. Bends lead to an index gradient across the core, which tends to push 10 15 20 25
light towards the outside of the bend. The index plot includes the fiber index profile (black) Bend Radius, bm
and effecive index of the modes (red and blue). g -
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Coil geometry matters: tight coiling reduces Aeff,
namely in larger core LMA fibers

core
diameter:

et e 75 o e .

30 pm

50 pm

Joel M. Fini, "Bend-resistant design of conventional
and microstructure fibers with very large mode area,”
Opt. Express 14, 69-81 (2006).

R Rou3Roe

Fig. 2 This Weshaped index profile was sed for the o fibers of Fig. 1. For both fibers,

the outer cladding b the same index a5 the core, and Ko = 3Rexe
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—e— Core Area
~=—Mode Area (straight)

Effecftive Area (um2)

0 20 40 60 80 100
Core Diameter (um)

Plot of effective mode area as a function
for core diameter for varying bend radii.
Core NA=0.06 in all cases.

Jay W. Dawson, et al., "Analysis of the
scalability of diffraction-limited fiber lasers and
amplifiers to high average power," Opt. Express
16(17), 13240 (2008).
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Coil geometry matters: tight coiling reduces Aeff,
namely in larger core LMA fibers

core

diameter: «
30 pm
50 pm

Joel M. Fini, "Bend-resistant design of conventional
and microstructure fibers with very large mode area,”
Opt. Express 14, 69-81 (2006).

Do you remember mode-area squeezing in inner
cladding of DC fiber? Despite much larger core
size, the effect is also important:

F~2=0cm 40cm

oy
pPOO

st

P. Koska, P. Peterka, J. Aubrecht, et al, "Enhanced pump
absorption efficiency in coiled and twisted double-clad
thulium-doped fibers," Opt. Express 24, 102-107 (2014
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clad  pump core (200 m)

—
active core (80 pm)

outer cladding (200 m)

Jens Limpert, et al., "High-power rod-
type photonic crystal fiber laser," Opt.
Express 13(4), 1055-1058 (2005).

A. Tiinnermann, T. Schreiber, and J.
Limpert, "Fiber lasers and amplifiers: an
ultrafast performance evolution,” Appl.
Optics 49, F71-F78 (2010).

corner-to-corner 80 pm

inner cladding: 200 pm, — high pump
overlap — clad. abs. 30 dB/m

Agyr~ 4000 pm2.

NA,iqia¢ @s high as 0.6
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Analytical formula for estimation of surface temperature
between the silica innercladding and the fluorinated polymer:

Fiber geometry with
two claddings. i e.,
three surfaces N=3
Ty is the background

Temperature distribution calculated by FEM modelling (COMSOL Multiphysics):

o e
ﬁ:"‘:";’;‘fm:e Temperature transverse profile 5c(2)=100 W/m Surface: Temperature (degC)
%107
Pheatr? 1500 ™
core: Ty(r) = Tar ——45— 1401 25 19
1 ) _ 130 20| 100
. _ Pheat af r g 129 15|
cladding layers: T5(r) = Ty + 2ks In = Temperature at the boundary between silica g 10 150 Wim o 90
. inner cladding and polymer outer cladding — 5 80
power density of the heat source Py, [W/m?] the weak point of the double clad fiber % 3 -
Pheatl 1 & 200 §
and T3(ay) = Tp + 22 In =2 ner cladding g 5 -
2mks  az H diameter g 10
£l s [ 50
for the power density of the heat source Py, [W/m] k) osopm i -15
5 20
thermal conductivities, KiW/mK]: silica 1.38, acrylate 0.18, aluminium 238 It Er 40
53 & _ < temperature _ -30| 2
I it of the polymiar 5 SO Tio0z
. . 28 =
Similar analysis is given in: L distance from center (m) 4 2 o x10%m
D. C. Brown and H. J. Hoffman, “Thermal, stress, and thermo- H Temperature distribution of the 20/250 jm octagonal fiber
optic effects in high average power double-clad silica fiber lasers,” sitting in the grooves in the cooling plate
IEEE J. Quantum Electron. 37, 207-217 (2001).
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Graphs by Martin Grabner
Wednesday 2° Sept. 19:30
.Numerical study of effect of
oo e e Temperature transverse profile Se(1)=125 W/m Surface: Temperature (degC)
Temperature distribution calculated by analytical formula clad fiber* x10™* B —
and FEM modelling (COMSOL Multiphysics):
= 140
g
%
2 120
temperature radial profile for G=3.4 Wcm temperature [*C] 5
x10* 3
960, T COMSOL ry-300um m g | 200
A analytic, iesooum | g
= 3 analytic, ry=450um 300 g 80
9 250 &
2 250 = 60
" o -
s £ 200 Temperature 20
g = 15 distribution of the
£ 100 cireular fiber 0 0.0002 0.0004
H 100 Sitting inan distance from center (m) 5 0 x10"m
50 s aluminium tube
I~ 50 Heat load varies along the fiber, even with 1150 W average power Tm fiber it is estimated to be below 200
o 100 200 300 200 500 W/m, on average 98 W/min 50/250 TmPCF.

distance from center, r [um]

o
X (m)

C. Gaida, M. Gebhardt, T. Heuermann, F. Stutzki, C. Jauregui, and J. Limpert, "Ultrafast thulium fiber laser system emitting more than 1 kW f v <ae.
power,” Opt. Lett. 43(23), 5853-5856 (2018).
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Temperature distribution calculated by FEM modelling (COMSOL Multiphysics): "cold" fiber:  n(r)
1
Temperature transverse profile Sc(1)=50 W/m  Surface: Temperature (degC)
x107
— 50 W/m m ) (a) |
— 75Wim is 70 4
5 — 100 W/m 65 —d
§~ 125 W/m 10 60 n, L) r
v 2 55
2 o 50 approximately 1 n(r)
H = 5 parabolic
g 40 "hot" fiber: Ly
g 5 . - hot" fiber: Signal
40! DA 5] 360W Pump
0] 30 .
20 25 (b) 3 . . .
o S Source of the video: T. Eidam, C. Wirth, C. Jauregui, F.

5 10
distance from center (m)

2 0 X107 m

Temperature distribution of the 10/130 um octagonal fiber
sitting in the grooves in the cooling plate
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Stuzki, F. Jansen, H. Otto, O. Schmidt, T. Schreiber, 1.
Z Limpert, and A. Tinnermann, “Experimental observations of
ny ) r the threshold-like onset of mode instabilities in high power

fiber amplifiers.” Opt. Express 19, 13218 (2011),
M. N. Zervas, Opt. Express 27, 19019 (2019). ©0SA, CClicense, link; https://doi.org/10.1364/019.013218
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Limpert, and A. Tinnermann, “Experimental observations of
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fiber amplifiers,” Opt. Express 19, 13218 (2011),
M. N. Zervas, Opt. Express 27, 19019 (2019). ©05A, CC license, link: https://doi.org/10.1364/0E 19.013218
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Permanent, light-induced increase of absorption
N . of the fiber (mainly in visible range)
Laser A self-sweeping - special case Mutiohot i h
of longitudinal mode instability E P °d°r.‘ pmcebss ‘"V?hv'l”g rare-earth lon 7 .
Kir'yanov, Ilichev, Laser Phys. Lett 8, 305 (2011). (observed in ytterbium, thulium ...) o 3
Lobach et al, Opt. Express 19(18), 17632 (2011). It is caused by the formation of color centers, _ =il
Peterka et al, Laser Phys. Lett. 6, 732 (2009), formed by photoionization E 50 511 Wi,
and Laser Phys. Lett. 9, 445 (2012). g 8= | S
RE ion gets energy directly by photon absorption or 9 40 g -
2
== 1 by migration processes 3o [
" ¢ High inversion of population increases L. Wavelength [nm]
L=10m, Av=10 MHz photodarkening rate — photodarkening is slow in Y
10 nm gain bw.— " ! 10
3%105 modes. I’\/WWW)Q continuous-wave DC fiber lasers but fast in o
amplifiers, broadband ASE (Amplified Spontaneous 0
Emission) sources and core-pumped fiber laser 600 700 800 900 1000 1100
devices Wavelength [nm]

double-clad fibre

mitigation by material composition and device

Joona Koponen, et al., Opt. Express 14, 11539 (2

dode with the rare-garth doped core T. Eidam et al, Optics Express 19, 13218 (2011). configuration (lower inversion)
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" . Introduction 2
Laser A self-sweeping - special case
of longitudinal mode instal Fundamental principles, pump absorption 7
Laser oulput: 015 W o .
g I Limitations & LMA fibers 38
€ | 024 W .
3 IS L L Pump combiners 60
Q
3| i Technology 69
bl omw |] ] 4l izati
E Tips for further readings: Characterization 85
2
| 1 L, SR o P. Peterka, P. Koska, and J. Ctyroky, "Reflectivity of superimposed Bragg gratings " "
- Z e induced by longitudinal mode instabilties in fiber lasers,” IEEE J. Sel. Topics Quantum Emerging technologies & Prospects 91
16 90 <50 0 & 100150 Electron. 24, 0902608 (2018).
Tirrss [is] 1. A. Lobach, S. 1. Kablukov, E. V. Podivilov, and S. A. Babin, "Self-scanned single-
frequency operation of a fiber laser driven by a self-induced phase grating,” L asey Fvs.
P. Peterka, et al,, Opt. Express 22, 30024 (2014).  Loft 11, 045103 (2014).
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Eli Snitzer, In Proc. OFS, 1988
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Gapontsev & Samartsev,
US Pat. 5 999 673, ASSL 1990

0 DiGiovanni, US Pat. 5 864 644, 1999.
- — > @5 v.groove, Goldberg etal.
0 EL Lett. 33, 2127 (1997).
Peterka et al. Opt. Lett. 31, 3240 (2006). 6T Wave, Grudin,Nisson,
mer et al., CLEO 1999
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stant  pre-tapered

S

Gapontsev & Samartsev,
US Pat. 5 999 673, ASSL 1990

signal
signa+pump

doublo-clad fiber

Four pump delivery fibers (150 W each) were
combined with an efficiency of ~90 %. Max. power
handling of 440 W. Theoretical analysis by ray- T, Thoeg H. Sayinc,J, Neman L. Overmoyer, and O Kacht,

i ump ahd Sighal combiner or bi-direcliona
tracing. e e e reoa S0(7y JB o £ 5,
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DiGiovanni, US Pat. 5 864 644, 1999,

P. Koska, etal., "Mode-field adapter for tapered-fiber-bundie.
signal and pump combiners,” Appl. Optics 54, 751 (2015).

@) imy
(@) oo B

inner claging
core

[ .
V-groove pumping ﬁ e diong
L. Goldberg, J. P. Koplow, and D. A. V. Kliner, Opt. substrate

Lett. 24, 673 (1999).

(b) embecd

miror \JL(

grating or prism coupling
T. Weber, W. Luthy, H. P. Weber, V. Neuman, H.

Berthou, and G. Kotrotsios, Opt. Commun. 115, 99
(1995).

embedded-mirror side-pumping

J. P. Koplow, S. W. Moore, and D. A. Kliner, IEEE J.
Quantum Electron. 39, 529 (2003).
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standard single-mode fiber

rare-earth-doped core
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groves for the G. ﬁ.
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7

P. Peterka, I. Kasik, V. Matejec, V. Kubecek, and P. Dvoracek, i of novel end-

ping method for double-clisf fiher
devices,” Opt. Lett. 31, 3240 (2006)
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GT Wave Anatoly B. Grudinin, et al., "Multi-fibre
arrangements for high power fiber lasers
and amplifiers," US Pat. 6 826 335, 2004.

>
*m Grudinin, Nilsson, Turner et al., CLEO 199

1o Twofber bunde, wihou sbsorpton 1o Two-ber bundie, wih absorpton Fiber twist
st pump foer o sragnt. purmp oer
——siraght,signal ber friwsindmi ool matters
08/ —— colled & twisted, pump fiber 08 —o—cofled & twisted, pump fibsr
o Coted & wited, sl foer ——colld & twisted signal fber
el 06

e
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Pavel Koska, Valérie

Doya, and Pavel Peterka,
IEEE J. Sel. Top. Quantum
Electron. 22, 55-62 (2016).

Relative Pump Power
Relative Pump Power

Position along the Fiber, z [m]

Position along the Fiber, z [m]

1. Preform 2. Fiber drawing
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distilled
GT Wave Anatoly B. Grudinin, et al., "Multi-fibre starting
arrangements for high power fiber lasers halogenides I. Porous core layer deposition IIl. Drying and sintering

and amplifiers,” US Pat. 6 826 335, 2004.

Pump ight—

MM siica foers
|+ from the pump diodes —

Short fiber amplifying
modules (~10 cm) using
RE-doped phosphate
glass fibers

——— Tapered spices ——!

(Ampliier i) ; Laser (ampifier) out

P. Polynkin, et al., “Efficient and scalable side pumping el o reescored
scheme for short high-power optical fiber lasers and
amplfiers,” IEEE Photon. Technol. Lett. 16, 2024 (2004).

S abary o,

Consolidated layer  Soot
2 2 0, (+ GeCl)— [

SiCl+ 0, fir ;1 Sogt =
— e CI, 1200 - 1800 "cé
1700°C é . Silica glass
Bumer  “P¢ IV. Collapse
Il. Solution doping process
Porous glass layer soaked with solution 2000 - 2200 °C -

AICL + = é -
Rare-earth ——> |
salt solution  MM————

Other methods: Plasma Chemical Vapor deposition (PCVD), Outside Vapor Deposition, Chelate delivery,
hybrid gas-phase solution doping, direct nanoparticle deposition (DND by Liekki/nLight), sol-gel methods,
sintered powder methods (REPUSIL) etc.

Actue foer :
68 Europhoton 2020 Summer school, Prague, Czechia OFe" 71 Europhoton 2020 Summer school, Prague, Czechia OFe"
Two ways were proposed
Introduction 2 in the original paper (2007) about the |
nanoparticle dispersion:
Fundamental principles, pump absorption 7 @ @ @ @
Limitations & LMA fibers 38 1. Alumina nanoparticles + RE 0 © e
chlorides Silica-based core
Pump combiners 60 |
Technol 69 2. Synthesized alumina nanoparticles
eennology already containing RE* « Etiom () Aimanancpitcos
Characterization 85
. . 0. Podrazky, I. Kasik, M. Pospisilova, and V. Matejec, "Use of alumina nanoparticles for preparation of erbium-
Emerging technologies & Prospects 91 doped fibers," in Proc. LEOS 2007 - IEEE Lasers and Electro-Optics Society Annual Meeting Conference
Proceedings, Orlando, Florida, USA, 21-25 Oct. 2007, pp. 246-247. https://doi.org/10.1109/le0s.2007.4382369
C. C. Baker, et al., Opt. Express 25, 13903-13915 (2017).
M. Kamradek, et al., IEEE Photonics J. 11, 7103610 (2019).
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Nanoparticle doping method (and other advanced methods) allow:
>10 mol % of alumina (1 mol % ~ 2-2.3x103r.i.u.)

> 1 mol % of Tm,Oj (1 mol % ~ 6.7x103 ri.u.)

— higher An than desired

g5 L S — =
(3600 mol ppm. 25 wt %)
0,020} A.0,=6.77 mol%
3
£ ooto] e
0.005
0.000
-15 -10 -5 0 5 10 15

Radial Position [um]

A o om

Europhoton 2020 Summer school, Prague, Czechia

(@) Preform

furnace
Diameter:
—— Diameter 80-1000 pm
Feedback Graphite furnace
temperature:

Curing 1800-2100°C

furnace
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Nanoparticle doping method (and other advanced methods) allow:
>10 mol % of alumina (1 mol % ~ 2-2.3x103r.i.u.)

> 1 mol % of Tm,Oj (1 mol % ~ 6.7x103 ri.u.)

— higher An than desired

0.025 Tm: 0.96 mol % IFA100, SG1S0BRY 1
pum ey (9600 mol ppm. 2.5 wt %)
0.020 F AL0,=6.77 mol%
0.006 26 um
an_ 0021
30015} naozs
ERLS z i
= < 0010f ‘ "’
= =
]
0.002 -~ =30 ym 0.005
/ A
0,000 L s PUTURY 0000 " T
45 0 5 0 5 10 15
20 00020 Radial Position [um]
T [um]
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N. Simakov, A. V. Hemming, A. Carter, K. Farley, A.

Davidson, N. Carmody, M. Hughes, J. M. O. Daniel,

L. Corena, D. Stepanov, and J. Haub, "Design and

experimental demonstration of a large pedestal

thulium-doped fibre," Opt. Express 23(3), 3126-3133

(2015) Fi 1 2) Fadface view of a 25P/I00-TDF with a 25 pn coe, 10y pecestal anc a 400 i
.t la actagonal clacding. b) End-face view of a 20LP400-TDF with a 20 yum core, 65
pedestal and 2400 jum fat-to-lat octagonsl cladding.

@mA=17 WAy
I LA ToFaseA -

DToE

C. Jollivet, K. Farley, M. Conroy, H. Dabhi, J.
Edgecumbe, A. Carter, and K. Tankala, "Design
optimization of Tm-doped large-mode area fibers
for power scaling of 2 um lasers and amplifiers,”
in Proc. SPIE 10083, Photonics West, San LMA-GDE-20400.
Francisco, USA, 2017, p. 1008301, 1 1ok

gt

T P |
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Abrasive
compositions

Beeswax

A.A. Jasim, O. Podrazky, P. Peterka, M. Kamréadek, |. Kasik, and P. Honzétko, "Impact of shaping optical
fiber preforms based on grinding and a CO2 laser on the inner-cladding losses of shaped double-clad fibers,"
Opt. Express 28, 13601-13615(2020).
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The outside interface of the pump-clad can be constructed from a rod-shaped 84
preform by local melt-displacement using an open flame.

D. J. DiGiovanni, "Method of making a cladding pumped fiber structure,” U. S. Patent 5 873 923, 23 Feb. 1999.
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Hexagonal-shallow

U
circular fiber

Hexagonal-star Octagonal Decagonal

128 ym 1mm 570 ym 510 pm

¢
Depth of shaped preforms

A.A. Jasim, et al., Opt. Express 28, 13601 (7).
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A.A. Jasim, O. Podrazky, P. Peterka, M.
Kamradek, |. Kasik, and P. Honzatko, "Impact of
shaping optical fiber preforms based on grinding
and a CO; laser on the inner-cladding losses of
shaped double-clad fibers,” Opt. Express 28,
13601-13615 (2020).

P. C. Shardiow, R. Standish, J. Sahu, and W. A
Clarkson,"Cladding shaping of optical fibre
preforms via CO, laser machining," in Proc.
CLEOJEurope, Munich, 21 June 2015, p.

JP.29
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|
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Low-index acrylate coatings, typ. NA=0.46 Fluorine doped silica cladding, typ. NA=0.22

acing

Octagonial sica inner cladding

-

Holmium doped core

P. Peterka et al, Opt. Lett. ety

31,3240 (2006) ours  Lots sosets of e index eyl comad

363 s (3 3.8 e st s o A

(T oan gt o e sl o hchrod o revesl
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"
|

. 5 ) lower NA, but withstand high temperature
browning at less than 100 °C, High attenuation
around 1.7-2 pm — cannot be used for tandem
pumped Tm, or Ho fiber lasers

K. Schuster et al, "High NA fibers - A Comparison of Optical, Thermal

pe Ultra Low Index C and Air
Clad MOFs", 54" Int. Wiredand Cable Symposium, 2005

A. Hemming, S. Bennetts, N. Simakov, A. Davidson, J. Haub, and A Carter,
- s "

"High power
lasers," Opt. Express 21(4), 4560-4566 (2013),
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Features:
Enables shaping
preforms with
concave and
convex
structures
Short time of
process
(depends on
laser power)
Fully automated
process

Sixfold shaped preform

This technique profits from a high absorption of
the silica glass at wavelengths around 10.6 pm

A.A. Jasim, et al., Opt. Express 28, 13601 (3idll).
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NA determined by a propag. const.
B=KgNet 5105 OF the first mode excited
in the capillary bridge:

Inner cladding diameter 140 m. 76 suspending webs of width 220 nm.
Measured NA is represented with crosses x

W. J. Wadsworth, R. M. Percival, G. Bouwmans, J. C. Knight, T. A. Birks,
T. D. Hedley and P. S. J. Russell. Very high numerical aperture fibers.

o I;.i ({? 03 04 05 08 07 08 08 1 IEEE Photonics Technol. Lett. 16, 843-845 (2004).
wii.
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A. Novozamsky, J. Slanicka, and P. Peterka, "Tomography reconstruction of geometry and refractive
index profile of highly asymmetric optical fiber preforms," SPIE 7746, 774610 (2010).
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J. Cajz, P. Peterka, M. Kowalczyk, J. Tarka, G. Sobon, J. Sotor, J. Aubrecht, P. Honzatko, and I. Kasik, "Thulium-doped silica
fibers with enhanced fluorescence lifetime and their application in ultrafast fiber lasers," Fibers 6(3), 66 (2018).
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Y. Feng, B. M. Zhang, J. Zhao, S. Zhu, J. H. V. Price, and J.

Nilsson, "Absorption measurement errors in single-mode fibers

resulting from re-emission of radiation," IEEE J. Quantum

Electron. 53, 6800611 (2017).

Emission spectral shape from fully inverted, very short (0.2 dB small-signal loss) fiber

Absolute value: gain in fully inverted fiber. Estimation: Judd-Ofelt theory & Fuchtbauer-Ladenburg forrmi:a
CRR. Giles et al., IEEE Photonics Technol. Lett. 3, 363 (1991)
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J. Cajz, P. Peterka, M. Kowalczyk, J. Tarka, G. Sobon, J. Sotor, J. Aubrecht, P. Honzatko, and I. Kasik, "Thulium-doped silica
fibers with enhanced fluorescence lifetime and their application in ultrafast fiber lasers," Fibers 6(3), 66 (2018).
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0. Henderson-Sapir, A. Malouf, N. Bawden, J. Munch, S. D.
Jackson, and D. J. Ott:

Electron. 23(3), (2017).

away, "Recent Advances in 3.5 um Erbium-
Doped Mid-Infrared Fiber Lasers," IEEE J. Sel. Topics Quantum

o. . D. Jackson, and D. J. Ottaway, "Versalile and
widely tunable mid-infrared erbium doped ZBLAN fiber laser,” Opt. Lett. 41,
1676-1679 (2016)

F. Maes, C. Stinler, L -P. Pleau, V. Fortin, J. Limpert, M. Bernier, and R
Vallée, *3.42 um lasing in heavily-erbium-doped fluoride fibers,” Opt
Express 27(3), 2170-2183 (2019).
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Pump light

PIFL fber

Laser output

Fusion Region: 22m

Pump light

GTTm DRt s Foowu g (®1-POIPL ber

0530 m)

avoid strong pump
absorption,

shortens the effective
length of the signal
distributes the thermal
load along the fiber

— mitigate SRS and TMI

8.72kW @1080 nm,
pump limited

H. Zhan, K. Peng, S. Liu, Y. Wang, Y. Li, X. Wang, L. Ni, S. Sun, J. Jiang, J. Yu, L. Jiang, J. Wang, F. Jing, and A. Lin, "Pxiyijs-
gain integrated functional laser fiber towards 10 kW-level high-power applications,” Laser Phys. Lett. 15, 095107 (il
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silica fibers drawbacks:
« low thermal conductivity (~1W/m/K),
« low dopant concentrations (<1%),

YAG: ~100x lower SBS,
>10x higher thermal conductivity
high RE doping (~10 mol %)

ﬁbers

« and thermal effects (TMI, thermal lensing).
« SBS limits high power single frequency operation

(@) Various RE doped YAG and SESE ioxide, Eeed rods

used in this study. (b) A photograph image of 250um
diameter under a letter. (c) A looped fiber with a bend
diameter of ~1 em. (d) Microscope images of the endface
of the 250 um diameter crystal fibers. (e) Microscope
images of the endface of the 35 um diameter crystal

Ho®*:YAG (crystal)

Yb3*:Lu,0, (ceramic)
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Cross-sectional view of the metal coated
active fibre with all-glass inner cladding
and ytterbium doped core. Fibre
dimensions were 20/200/230 pm with
numerical apertures of 0.075 and 0.23 for
core, inner cladding and outer cladding
respectively.

~40 °C lower temperture in the core in metal coated fiber

Thermal profiles of a) polymer and b) metal coated fibre lasers
under a 100W/m thermal load with an interstitial material thermal
conductivity of 1W/mK and 5um offset from heatsink base.

J. M. 0. Daniel, N. Simakov, A. Hemming, W. A. Clarkson, and J. Haub,
"Metal clad active fibres for power scaling and thermal management at
KW power levels," Opt. Express 24(16), 18592-18606 (2016).
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Figure L. Allfiber scheme of MM GRIN-fiber Raman laser with cavity
formed by HR UV-FBG! and output fs-FBG2 with LD pumping through
the fiber pump combiner (or bulk-optic pump coupling scheme! "l shown
inthe inser).

Pump 200 W@915nm, Output 62W @954 nm,
slope eff. 84%, Py,~130 W, M? = 2.5-3.2

S. A. Babin, "High-brightness all-fiber Raman lasers
directly pumped by multimode laser diodes,” High
Power Laser Sci. Eng. Te15 (2019).
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A.Niang, et al., "Spatial Beam Self-Cleaning in Tapered Yb-
Doped GRIN Multimode Fiber With Decelerating Nonlinearity,"
IEEE Photonics J. 12, 6500308 (2020).
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