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Effective medium theory — original approach

* Description a random nanostructured dielectric material in terms of effective permittivity €
* Assumption:

- density g, <<¢g,

- size of g, inclusions << A

Maxwell-Garnett mixing formula:

E—<E>
3 E>

Eoff =< €>—f(&1 — &)

Efm<E>=6+f(g— &)
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Effective medium theory — our modification

* Description arbitrary nanostructured dielectric material in terms of effective permittivity € 4
* Assumption:

- de <<€,

- size of g, inclusions << A

Maxwell-Garnett mixing formula:

Epfm<E>=&+f(e— &)

n=\eu u=1for glass

Nepr = vt + (1= find,
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How nanostructured medium ,,works” ?

Metamaterial consist of many thin dielectric rods.

Discrete structure. Feature size (i.e. rod diameter ) << A

Il 3

Light ‘sees’ averaged (effective) refractive index distribution

¢

Created metamaterial with arbitrary refractive index distribution in cross-section

(gradient-index, step-index or any profile)

F. Hudelist, R. Buczynski, A. J. Waddie, and M. R. Taghizadeh, "Design and fabrication of
nano-structured gradient index microlenses," Opt. Express 17, 3255-3263 (2009).
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by a modified stack and draw method, Opt. Lett., 40, 5200 (2015)

Array 469 parabolic p-lens

A. Filipkowski et al., Nanostructured gradient index microaxicons made

Switkowski et al., Formation of optical vortices with all-glass nanostructured
gradient index masks, Opt. Express, 25 31443 (2017)

Parabolic core fiber

Mag= 590X  SignalA=InLens Sample ID=MS 13A5
EHT= 500kV  SignelB=ESB StageatT= 00° m
WD= 45mm__ ESBGrid= 0V

R. Kasztelanic et al., High resolution Shack-Hartmann sensor based on array of R. Buczynski et al., Optical fibers with gradient index nanostructured cere,

nanostructured GRIN lenses, Opt. Express, 25, 1680 (2017)

Opt. Express, 23, 25588 (2015)



Motivation — nanostructurization in LMA fibers

* nanostructurization enables to attain precisely defined refractive index distribution,

not achievable with standard fiber fabrication methods

* the largest effective single-mode (SM) area (A_4) achieved with bending, A =1050nm:
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Motivation — improving refractive index homogeneity

n profile

n profile -
nanostructurization

MCVD preform
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Yb doped phosphate fiber laser with
nanostructured core
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The proof of ACTIVE nanostructured core fiber

= design — “step index” profile fiber

= compare with previously developed laser fiber - standard step-index core and double-clad structure
- similar geometrical parameters:
-core: @19 um
- inner cladding: @ 59 um
- high NA of pump waveguide (air-cladding)
- similar material: Yb highly doped phosphate glass

= laser parameters
-L=4cm, ng,,.= 67%
- pump absorption up to 718 dB/m
- SM operation, An=4*10*

M. Franczyk et al., High efficiency Yb3+-doped phosphate single mode
fibre laser, Laser Phys. Lett., 14 (2017)
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Phosphate Glass Material
* Phosphate glass P,0.-Al,0;,-Ba0-Zn0-Mg0O-Na,O
* Doped with Yb,0O; of intensity of 6mol% (18%wt)
* Dopants liftime t = 600 ps
* Doped and undoped glass
- rheological properties
- thermal expansion coefficient
- An=0.0010

11
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- @@
Design of nanostructured core with LMA step index profile

target refractive index distribution

two glass equivalent structure

" O undoped rod

Effective medium

,ﬁ"as‘.‘u A% ATy, : 1'

7651 rods

e Simulated annealing algorithm — minimalization difference
between target and current refractive index distribution
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- single area diameter < A/5

« fiber core size » 20 um => 100
rods at diagonal

« 43% doped rods => An_, =
4.3*10*

« multimode fiber for 20 um
if An=10*104

 rods are composed according
to designed pattern
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) 4
Fabrication process - nanostructured core - step index refractive index distribution I ] M=

- modification

O undoped rod

b

Y
undoped doped

rod
- modified method: only 127 rods instead of 7651 rods

rod
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Yb
undoped doped

q stack stack array
ro rod 127 rods 91 canes
i >11 k elements
I I «—>
> 1 mm
0.9 mm :
drawing drawing

hexagonal canes core structure
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Fabrication process - fiber

preform stacked with

- nanostructured core in tube
- capillaries for air-cladding

- outer tube

€ —>
3040 mm
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—
Unsaturated pump absorption in final fiber — I
€ 16 - —0a 6Yb
Bulk glass =
g'o 12 —0oe 6Yb
* peak absorption @975.2nm abs ;= 9248dB/m T 08 .
* average absorption abs, ;= 6923 dB/m % 04 &
(pump diode 973.5nm, FWHM= 3nm) ; 5 ﬁ ‘
* absorption and emmision cross section S 800 \?V%Oveleng:t?ci?lm] 1100
[McCumber 1964]
_ %1 ()-20 <y 2 VA E, —hcA 1
0,(975.2nm)=1.40*10“°cm 6, (\) =0, (A)Z—lexp( ZL it )
0, (1030nm) = 0.35*102°cm? u
Fiber
b — Ad‘)ped b [Zenteno 1993] [Zervas JSTQE 2014]
a Sfiber = N A a Sglass

clad
Adopea(19um - hexagon) = f - 234 um?, A ,,(59um) = 2 734um?*  f=0.43

absg,..= 130 + 255 dB/m (n,=0.51+ 1) =>short fiber laser
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Laser performance

* fiber lengths (L): 7.7 - 22.5cm

o Loy =17.6Cm, Pyegn=2.7 W, N, = 63.1%

tresh —

« P__=106W

* SM performance, M 2 =1.1, My2 =1.3, NA=0.04

* Spectrum 1012 + 1030 nm
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Conclusions

* First proof of nanostructurization concept in ACTIVE fiber
* One of the highest slope efficiency ng,,.= 63.1% in phosphate d-c fiber laser
67% [Franczyk LPL 2017], 50.6% [Lee JSTQE 2009]

* Nanostructurization does not bring substantial loss if proceeded in clean room

facility
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Conclusions

* Nanostructurization
— develope any refractive index profile defined with high precison
=> e.g. bent-resistance, shaping dispersion, birefringent specialty fibers
— available in any glass material

— develope LMA fibers for high power performance in silica

— design for decreasing TMI effect

nn bend

relafive refractive indey

COST Vienna 2018



European European Union

Funds ‘ F N P ’ Foundation for European Regional

Smart Growth Polish Science Development Fund

We invite you to cooperation

marcin.franczyk@itme.edu.pl

This work was supported by the project TEAM TECH /2016-1/1 operated within the Foundation for Polish Science Team
Programme co-financed by the European Regional Development Fund under Smart Growth Operational Programme (SG OP),
Priority Axis IV 2t



Highly Efficient Ytterbium Doped Phosphate Single-Mode Fiber Laser

WSOF 2017

Laser Setup

Laser cavity
* 4.3% Fresnel reflection
e HR broadband mirror 99% @975nm and @1030nm

Pumping setup Pump beam
* pump diode: D=100 pm, NA=0.22 * model: waist 45 um, NA =0.52
e achromatic lens: f1=50mm, f2=20mm * measured: waist 57 um, NA = 0.45

Laser output
Dichroic mirror HR >1010nm HT<990nm

Pumping setup

L o PUMp diode
§ fiber output

f1
Laser cavity
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Ytterbium Doped Phosphate Fiber Laser with Nanostructured Core

Fabrication facility
\§ - }!?'; 3

4 fiber drawing towers 3SAE fiber plasma splicer 2 laminar flow cabinets

for preform assembly
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Ytterbium Doped Phosphate Fiber Laser with Nanostructured Core

Sihvola, Electromagnetic Mixing Formulas and Applications,

H » ?
How nanostructured medium ,works" London: The Institution of Electrical Engineers (1999)

n=J/e-u pn=n? p=1forglass

areaof 1.5A, p=1forglass
Meta consist of many thin dielectric rods.

Discrete structure. Feature size (i.e. rod diameter ) << A A/5

$

Light ‘sees’ averaged (effective) refractive index distribution

3

Created metamaterial with arbitrary refractive index distribution in cross-section
(gradient-index or step-index)

F. Hudelist, R. Buczynski, A. J. Waddie, and M. R. Taghizadeh, "Design and fabrication of
nano-structured gradient index microlenses,"” Opt. Express 17, 3255-3263 (2009).




Design of nanostructured core with uniform profile

target refractive index distribution two glass equivalent structure

O undoped rod
- @ Yb doped rod

- single area diameter < A/5
Effective medium

)

Maxwell-Garnet theory

- lens /fiber core size 20 um
=> 100 rods at diagonal

 rods are composed
aeeQreling e sesigned

0.00008

0.00006

SRS 10.00004
7651 rods 4 10.00002

+40.00000
e Simulated annealing algorithm — minimalization of cost function = difference

between target and current refractive index distribution
 Beam propagation method — verification of designed component functionalitié$
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Design of nanostructured core with uniform profile . .
rods are composed according to designed

pattern, 43% doped rods => An_, .= 4.3*10*

target refractive index distribution two glass equivalent structure

O undoped rod
® Yb doped rod

7651rods“

* Simulated annealing algorithm — minimalization of cost function = difference
between target and current refractive index distribution
« Beam propagation method — verification of designed component functionalities ° modified method: only 127 rc

- lens /fiber core size 20 pm =>
- single area diameter < A/5 =>



