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Fig. 1 Effects of structure parameters of PCF on effective refractive index of cladding. (a) Relationship among effective refractive index

of cladding and parameters of air holes; (b) cross section of PCF
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Fig. 2 Confinement loss, overlap factor, and mode field area of 40-pm-core PCF (d=2 pm, A=13 pm) versus refractive index of

core. (a) Confinement loss; (b) overlap factor and mode field area
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Fig. 3 Effects of stress area on polarization performance. (a) Structure of boron-doped glass rod unit; (b) confinement loss and

birefringence of PCF versus boron-doped glass rod size
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Fig. 4 Fabrication process flow of Yb-doped silica glass rod and PCF based on sol-gel method combined with high temperature

sintering technique™
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Fig. 5 Performance of Yb-doped silica glass rod™". (a) Picture of glass rod; (b) profile of refractive index
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Fig. 6 Effect of thermal history on refractive index”". (a) Refractive indexes of core glass YbAPF0.85 and cladding glass F300 with

different thermal histories at 1064 nm; (b) numerical aperture
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Fig. 7 Effect of thermal history on output beam quality"™. (a) Laser beam profile of pristine YbAPF PCF; (b) laser beam profile of
annealed YbAPF PCF
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Fig. 8 Cross sections of four kinds of Yb*' -doped LMA PCFs fabricated in SIOM. (a) Cross section of 50-um-core PCF; (b) cross

section of 75-pm-core PCF; (c) cross section of 40-pm-core PCF; (d) cross section of 100-pm-core PCF
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Table 1 Basic parameters and laser amplification results of self-developed Yb-doped LMA PCF

Time Composition Moé(ebii:t/i(;z of Fiber type diamcei)erf /um wolllzsrilrode pﬁvtzza/gew Peak power M’ Reference
2012 Yb/Al 0.3 PCF 30 CW 6.8 - - [19]
2013 Yb/Al 0.1 PCF 90 CW 81 - - [20]
2013 Yb/Al/P 0.05 PCF 35 CW 35 - - [36]
2015 Yb/AI/P 0.035 en o cw I - L3 e
2016 Yh/Al 0.1 PCF 105 MOPA 255 1.2 MW >10 [38]
2017 Yb/Al 0.1 PCF 100 MOPA 310 1.5 MW 5 [39]
2017 Yb/Al/P/F 0.075 PCF 50 MOPA 97 93 kW 1.4 [40]
2019 Yb/Al/P/F 0.09 PCF 50 MOPA 272 266 kW 2.2 [41]
2019 Yb/Al/P/F 0.15 PCF 75 MOPA 102 1MW 2.1 [42]
2021 Yb/Al/P/F 0.15 PM-PCF 40 MOPA 103 - 1.46 [43]
2023 Yb/Al/P/F 0.15 PM-PCF 100 MOPA ~50 - ~1.3  Proposed
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Fig. 9 Early developed PCF and laser performance'™’
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Fig. 10 Test optical path of amplification performance of PCF™"
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Fig. 11 Amplification curve of Yb-doped LMA PCF with

50 pm core diameter and beam quality at different
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0106001-8



- — -10 MHz
40 p — 48.7 MHz

Intensity (dB)

1000 1020 1040 1060 1080 1100 1120 1140

Wavelength (nm)

50 pm BB R RBOL T R HOCLT A R R T
HROE

Fig. 12 Output laser spectra of Yb-doped LMA PCF with

50 pm core diameter at different repetition rates"!
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Fig. 13 Power stability of Yb-doped LMA PCF with 50 pm

core diameter at 120 W output™™”!
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T b A £ 8 G 141 8 () TR, HOE AR R 40 pum, 1
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T80T L A 1030 nm SRR A T I B L LT
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Table 2 Basic parameters of ytterbium doped PM PCF with

40 pm core diameter

Fiber specification Value
Core diameter ~40 pm
Cladding diameter (200+10)pm
Absorption coefficient @915 nm 3dB/m-3.5dB/m
Absorption coefficient @976 nm ~10dB/m
Core NA @1030 nm ~0.03
Cladding NA @976 nm ~0. 46
Mode field diameter @1030 nm (2942)pm
Birefringence @1080 nm =10"*

I WA AN ] DX B3 05 o0 A o A S HARZY
M6 pm, i EH L LF S BT, i G e 5k B Ok AL B
AR AT S AL o 25 BRI A 21 88 PO 0 I 456 B
AN B BB RO . YRR RS 3 B A R &
{37 B, AR S 2588 B v AR X, 32 i A O Bt B
B T 3R R TE 30 em I B M B4R R L 3% 40 pm s
A2 B0 DR Al D' 1 b MO 21 52 B BB AR T g B A A
Wk o WIE17(a) AT LLE 1 m KOG i B AR

increasing distance from core center position

K16 BABOGHMA T 40 pum 235 SRR 6 7 AR OG 28 A [F) 7 B Ab 1 3 3514
Fig. 16 Beam profiles in near field under single mode laser excitation at different positions of ytterbium doped PM PCF with 40 pm
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Fig. 17 Polarization output performance of Yb*" doped PM PCF with 40 pm core diameter. (a) Transmission spectra in slow and fast

axes with 30 cm bending diameter; (b) transmittance in slow axis with different bending diameters
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Fig. 18 Laser performance of Yb*" doped PM PCF with 40 um core diameter. (a) Output power and change of beam profile with pump

power; (b) power stability for 2 h at 100 W amplified output
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Table 3 Parameters of Yb-doped PM PCF with 100 um core

diameter
Fiber specification Value
Core diameter ~100 pm
Cladding diameter (2854+10)pm
Absorption coefficient @915 nm ~10dB/m
Absorption coefficient @976 nm ~30dB/m
Core NA @976 nm ~0.01
Cladding NA @976 nm >0.46
Mode filed diameter @1050 nm (754+5)pm

W 3R, 100 pm 42 4 IR 18 48 % 7 i A 6 &7
EA KU 2%, 80 em 22 4 K G #F 976 nm Ak
B A 2 W Wi ZR B0RT DLk B 24 dB. ) RE R FH &L 10 B
TRIEK ARG M T 80 em KOG EF BY i I Re 1 , 45 R
19 frs o A5 5061 I S 1030 nm, 5 &2 4 % K
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Fig. 19 Output power and beam profile of Yb-doped PM PCF

versus pump power with 100 pm core diameter
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Abstract

Significance Ytterbium-doped large-mode-area photonic crystal fibers (LMA PCFs) have attracted extensive attention owing to
their important applications in high-peak-power ultrafast laser amplifiers. Fiber lasers are widely used in advanced manufacturing,
medicine, national defense, and scientific research owing to their compact structure, high conversion efficiency, high reliability, and
low cost. However, with the development of fiber lasers, particularly the development and application of ultrafast lasers in the field of
fine processing in recent years, higher requirements have been placed on the output power and beam quality of fiber lasers. Currently,
the output power of internationally commercialized fiber lasers has reached 100 kW. IPG Photonics Corporation uses a double-clad
fiber with a core diameter of 30 um to achieve a 10 kW single-mode single-fiber laser output. However, owing to the limitations of the
physical mechanisms, such as nonlinear effects, optical damage, and thermal damage, it is very difficult to further increase the output
power of a single laser module. The nonlinear effect of the optical fiber is related to the mode field area of the optical fiber. The larger
the mode field area, the weaker the nonlinear effect of the optical fiber, and the higher the threshold of the nonlinear effect. Therefore,
large-mode field fibers are one of the most direct and effective ways of overcoming nonlinear effects and fiber laser damage to further
increase laser power. However, an increase in the core diameter of large-mode field fibers inevitably causes competition among
multiple transverse modes, degrading the beam quality of the laser.

Consequently, various fiber structure designs have been proposed to maintain a satisfactory beam quality with large core
diameters, such as rod-type photonic crystal fibers, photonic bandgap fibers, leakage channel fibers, large-pitch fibers, chirally
coupled-core fibers, and other microstructure fibers. Among them, the Yb-doped PCF has the most classic architecture, with an
ordered array of microscopic air holes. These microscopic air holes favor convenient regulation of the effective refractive index of the
cladding. Nevertheless, it is difficult to manipulate the refractive index so that it is close to that of pure silica glass cladding and
maintain good uniformity in Yb-doped silica core glass. The commercial method of modified chemical vapor deposition (MCVD)
combined with solution doping has some limitations in terms of the core size, refractive index uniformity in the radial and axial
directions, and ultralow numerical aperture. Other non-MCVD fabrication technologies have also been developed and reported,
including direct nanoparticle deposition (DND), reactive powder sintering of silica (REPUSIL), and sol-gel methods. Heraeus
Quarzglas made great progress in the preparation of Yb*"/Al”"/F -co-doped silica bulk glasses with the F-doping-induced refractive
index (RI) reduction being evident.

The sol-gel technique is a well-known method for producing centimeter-sized long glassy silica rods. Our group has committed to
the preparation of large Yb*"-doped silica glass rods with a low refractive index and high optical homogeneity using a modified sol-gel
method combined with high-temperature sintering. The sol-gel process ensures dopant mixing in the solution and consequently high
doping uniformity, and high-temperature powder sintering allows the preparation of large-sized bulk glass. Fluorine incorporation
during the sol-gel process 1s used to compensate for the increased refractive index caused by ytterbium and aluminum co-doping, and

2+

phosphorus is used to suppress the formation of Yb*" and photodarkening. The sol-gel method combined with high-temperature

sintering provides a cost-effective method for fabricating the core glass of a Yb-doped LMA PCF.

Progress In this paper, we briefly introduce the progress of research on ytterbium-doped LMA PCF at home and abroad, as well as
the design of ytterbium-doped LMA PCF. The effects of thermal history on the refractive index of the Yb/Al/P/F co-doped silica
glass and the beam quality of the PCF are demonstrated. For comparison, the design and preparation methods of the polarization-
maintaining ytterbium-doped PCF are presented. This paper focuses on the progress of research on Yb-doped LMA PCF in the past
ten years at the Shanghai Institute of Optics and Fine Mechanics (SIOM) (Table 1 and Fig. 20). This includes accurate control of the
refractive index value, homogeneity of the fiber core glass, and structure of the PCF. The output laser beam quality is significantly
improved owing to the optimization of the Yb-doped core-glass rod.
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Conclusions and Prospects With the rapid development of the domestic ultrafast laser processing industry, the demand for
domestically produced Yb-doped LMA PCF by domestic ultrafast laser companies has increased. This paper summarizes the progress
of ytterbium-doped large-mode-field photonic crystal fibers in SIOM over the past decade. Ytterbium-doped large-mode field photonic
crystal fibers with core diameters of 40 pm, 50 pm, 75 pm, and 100 pm were prepared. Using a 40 pm /200 pm polarization-
maintaining ytterbium-doped photonic crystal fiber, we independently designed and prepared an all-fiber amplification module, and
achieved picosecond pulse amplification with an average power exceeding one hundred watts and high beam quality. The beam quality
factor M* was less than 1.5, the polarization degree was greater than 12 dB, and the power fluctuation was less than 1.3% in 2 h under
a 100 W amplification power operation. Using ytterbium-doped LMA PCF with a core diameter of 100 pm as the gain fiber,
picosecond pulse amplification with a beam quality factor M°<Z1.3 and polarization degree greater than 95% was achieved. In the
future, the performance of LMA PCFs should be further optimized to meet the requirements for high-average-power ultrafast fiber

lasers.

Key words fiber optics; ytterbium-doped silica glass; large mode field photonic crystal fiber; picosecond pulse laser amplification;

fiber laser
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