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Introduction
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Skew rays limits transfer of pump 

energy to the active core 

Irregular shape of fiber cladding 

helps to eliminate skew rays and 

improve pump absorption efficiency

Comparison of pump absorption rate for different 
fiber shapes

V. Doya et al., Opt. Lett., 26, 872 (2001)



Model of fiber bending
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M. Heiblum, J. Harris, IEEE J. Quantum Electron., 11(2), 75 (1975).

𝑛𝑚𝑜𝑑 = 𝑛0 1 +
𝑥

𝑅

Propagation of pump radiation computed using BPM (FEM and FFT based)

Curvature due to coiling included using modified refractive index profile



Model of fiber bending and twisting
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M. Heiblum, J. Harris, IEEE J. Quantum Electron., 11(2), 75 (1975).

𝑛𝑚𝑜𝑑 = 𝑛0 1 +
𝑥

𝑅
𝑛𝑚𝑜𝑑 = 𝑛0 1 +

𝑥 cos𝜑 + 𝑦 sin𝜑

𝑅

Propagation of pump radiation computed using BPM (FEM and FFT based)

Curvature due to coiling included using modified refractive index profile



Pump absorption rate enhancement by bending and twisting
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Pump power fraction in the core

Pump absorption along the fiber

Pump field distribution in straight, bended (coiled), and 
simultaneously bended and twisted fiber

P. Koška et al.,  IEEE J. Sel. Top. Quantum Electron. 22(2), 55-62  (2016)



Experimental verification of
enhanced pump absorption
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Pavel Koška et al, Optics Express, 24(1):102 (2016) special issue of the ASSL 2015

Slope Efficiency: 19.6 < 24 < 29.4 %

50 % increase of SE

Difference of the pump absorption 

between the simultaneously coiled and 

twisted fiber and coiled only fiber for 3 m 

long hexagonal fiber. 



Modal spectra analysis
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𝑃 𝑧 = න𝐸𝑟
∗ 𝑥, 𝑦 𝐸 𝑥, 𝑦, 𝑧 d𝛺

𝐸𝑟 𝑥, 𝑦 = ෍

𝑛

𝐵𝑛 𝑢𝑛(𝑥, 𝑦)

𝐸 𝑥, 𝑦, 𝑧 = ෍

𝑚

𝐴𝑚 𝑢𝑚(𝑥, 𝑦)𝑒
−𝑖𝛽𝑚𝑧

ℑ{𝑃}(𝛽)= ෍

𝑚

𝐵𝑚
∗ 𝐴𝑚𝛿(𝛽 − 𝛽𝑚)

M. D. Feit, J. A. Fleck, Applied Optics 19(7), 1154-1164 (1980).

Reference field 

Fundamental mode field 



Spectra evolution in hexagonal fiber
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Modal spectra evolution in bended hexagonal fiber 

Initial fundamental mode field



Spectra evolution in hexagonal fiber
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Modal spectra evolution in bended hexagonal fiber Modal spectra evolution in bended and twisted hexagonal fiber

Initial fundamental mode field



Spectra evolution in hexagonal fiber
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Modal spectra evolution in bended hexagonal fiber Modal spectra evolution in bended and twisted hexagonal fiber

Initial fundamental mode field

‘Edge’ mode ‘Corner’ mode



Spectra evolution in circular fiber
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Modal spectra evolution in bended hexagonal fiber Modal spectra evolution in bended and twisted hexagonal fiber

Modal spectra evolution in bended circular fiber Modal spectra evolution in bended and twisted circular fiber



Active hexagonal Yb doped fiber parameters
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Initial field

Core diameter 12 mm

Cladding diameter (flat to flat) 130 mm

Core refractive index 1.4556

Cladding refractive index 1.4507

Coating refractive index 1.4027

Yb Concentration 4.54 x 1025 m-3

Pump wavelength 975 nm

Signal wavelength 1020 nm

Parameters of Yb doped active hexagonal fiber



Pump spectra evolution in active hexagonal fiber
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Modal spectra evolution in straight hexagonal fiber

Refractive index profile in straight fiber

Initial field



Pump spectra evolution in active hexagonal fiber
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Modal spectra evolution in straight hexagonal fiber

Modal spectra evolution in bended hexagonal fiber
Refractive index profile in bended fiber

Initial field



Pump spectra evolution in active hexagonal fiber
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Modal spectra evolution in straight hexagonal fiber

Modal spectra evolution in bended hexagonal fiber Modal spectra evolution in bended and twisted hexagonal fiber

Initial field



Conclusions
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• The effect of bending and twisting on pump field modal spectra investigated

• Bending extends allowed modal spectra range, but does not provide mode-
mixing

• Simultaneous bending and twisting of circularly nonsymmetrical fibers provides 
mode-mixing and inherently extends modal spectra content

• Modal spectra enrichment improves pump absorption rate in double-clad 
active fibers
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Objemné stránky raději rozdělit na více stránek

VOLNÝ PROSTOR JE FUNKČNÍ
Volný prostor mezi jednotlivými sděleními pomáhá přehlednosti

KONZISTENTNOST
Konzistentní používání typografie napříč prezentací zajistí lepší orientaci. 
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BARVY JSOU KOŘENÍ
Uvážlivé použití barev v grafech pomáhá přehlednosti, barva vždy zvýrazňuje.

ČERNÉ NA BÍLÉM
Grafy pokud možno na bílém podkladu, popisky a osy černě, hodnoty pomocí 
barev
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P. Cheben, et al. (NRC Canada): a feasible way to fabricate low-index 

waveguides with required dispersion properties using ‘standard’ SOI technology

“Standard” photonic SOI nanowire

SEM images of the SWG straight waveguide with a 300 nm period, 250 nm width and 
a duty cycle of 33%. 

P. J. Bock et al., Optics Express, 18(19), 20251 (2010).


