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Table 1 Parameters used in the simulation

Parameter Value Parameter Value
Core radius, r, 12.5 pm Inner cladding radius, r, 125 pm
Pedestal radius, r, 22.5 pm Outer cladding radius, 7, 200 pm
Heat conductivity of the core and : ) Heat conductivity of the outer . )
1.38 Wem K 0.2 Wem K

the inner cladding,k, sk,

Absorption cross-section@1570 nm, —3[17.28]

2.0X10 * m

0 4p1570

Absorption cross-section@1910 nm, 0. 215102 - 0r2as]

O ap1910
Absorption cross-section@2010 nm, Cus ares)
0.03X10 " m "+

O 4p2010

Doping concentration of LC TDF,

cladding, £,

Emission cross-section@1570 nm, -

0.096X10 * m

0 cp1570

Emission cross-section@1910 nm, s amas
4.97X10 " m

0 cp1910
Emission cross-section@2010 nm, L st
2.56X10 7 m -7

O ep2010

Doping concentration of HC TDF,

e 25 —3 = 25 —3

N 14.5X10” m N e 28.5X10” m

Thermo-optic coefficient of silica, £ 1.2X10 " K Lifetime of *F, energy level, 500 ps Ll
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Table 2 Optimal gain fiber length and corresponding slope

efficiency of different laser systems at 1 kW output

Optimal TDF  Slope Quantum

Pump Laser

band . t' length /  efficiency / efficiency /
and configuration
£ m % %
CP+HC 5.0 64.0 162. 2
793 nm
CP+LC 11.0 54.4 137.9
CP+HC 10.0 76. 4 97.8
1570 nm
CP+LC 17.8 75.2 96. 3
CoP+HC 2.6 94. 3 99.2
CoP+LC 5.0 93.9 98. 8
1910 nm
PP+ HC 5.6 93.7 98. 6
PP+ LC 10. 4 92.8 97.7
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Table 3 Power characteristics of different laser systems

at 1 kW output

Pump Laser Pump / Absorbed Heat / Ratio /
band configuration W pump /W w %
793 nm CP+LC 1810 1808 808 80. 8
1570 nm CP+LC 1335 1327 327 32.7

CoP+LC 1067 1066 66 6.6
1910 nm
PP+ LC 1081 1078 78 7.8
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Fig. 1 Distribution of the heat load for different laser systems at 1 kW output. (a) 793 nm cladding pump;

(b) 1570 nm cladding pump; (c¢) 1910 nm core pump; (d) 1910 nm pedestal pump
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Table 4 Thermal characteristics of different laser systems at 1 kW output
Laser Average heat load / Maximum temperature /°C @H Maximum temperature /°C @ H,
Pump band i . .
configuration (Wem ) Core Outer cladding Core Outer cladding
CP+ HC 104. 3 407.7 323.1 220.2 135.6
793 nm
CP+LC 69.3 227.6 182.0 126.5 80.9
CP+HC 30.1 141.6 114.6 81.8 54.7
1570 nm
CP+LC 17.8 83.2 68. 8 51.4 37.0
CoP+ HC 22.1 103.8 84.9 62.1 43.3
CoP+LC 12.5 63.9 53.7 41.3 31.1
1910 nm
PP+ HC 11.1 61.1 51.6 39.9 30.3
PP+ LC 6.8 41.7 36.3 29.8 24.4
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Table 5 Parameters used in the estimation of power limit factors
Parameter Value Parameter Value
Peak gain of SRS, gy " 0.5X10"" m/W [ Peak gain of SBS, g, 1.2X10" " m/W B¢
Linewidth of SBS gain, Ay, 10.0 MHz ™% Laser linewidth, Ay 1.0 GHz
Melting temperature of the core, Ty 1709.9 °C 1% Damage temperature of 105.0 °C 12

Coolant temperature, T, 16.9 °C

Signal gain, G 10. 0 ¥

the outer cladding, T,

Average heat load of TDFL

_ 136.0 W/m ['*
at TMI threshold, Qpg;.

Optical damage limit, I 35.0 W/pum* ™

* SRS WE{H 4% 23 5 Z0 0 P MU LE PR i L SRS WE B IS 45 O 1 pem A0 Y 1/2,
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Table 6 Estimation of power limit for different laser systems at optimal gain f{iber lengths
P Las SBS@1 GH OCD /kW
b e @1GHZ G kW TMI /KW TL kW OD /kW
band configuration /kW . )
CP+HC 14.7 41.7 4.4 165.0 2.4 6.3 12.7
1570 nm
CP+LC 8.3 23.4 7.4 275.0 4.1 10.5 12.7
CoP+HC 56.7 160. 3 5.8 219.2 3.2 8.4 12.7
CoP+LC 29.5 83.3 10.5 392.2 5.8 15.0 12.7
1910 nm
PP+ HC 26.3 74.4 11.3 389.0 6.3 16. 2 12.7
PP+ LC 14.2 40. 1 18.2 626. 1 10.1 26.1 12.7
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Fig. 2 Algorithm diagram for simulation of TMI threshold and outer cladding damage threshold
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Fig. 3 Pump absorption with a constant nominal total absorption. (a) Forward pump distribution;

(b) total absorption of pump
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at 1570 nm pump
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Table 7 Maximum output powers for different
pump configurations
Pump Maximum output powers /kW
configuration H, H,
1570 nm CP 2.9 5.9
1910 nm CoP 7.2 12.6
1910 nm PP 7.4 12.7
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Abstract

Objective Until now, high-power Tm-doped fiber systems at the kW-level output are all laser diode (LD) pumped
at 793 nm. However, even with the cross-relaxation process, the operation efficiency at the high-power output for a
793 nm pump is ~50%, leading to a heat waste comparable with the output and posing severe challenges on heat
management and power scaling. In high-power fiber systems, in-band pumping is an effective way to reduce the
quantum defect and improve the energy conversion efficiency. For Tm-doped fiber systems, 1.6 pm and 1.9 pm are
the two major resonant pump bands. With the 1.6 pm pump, systems with an output >>400 W have been
demonstrated. However, with a quantum defect of 20%, the operation efficiency of the 1.6 pm pump is ~60%,
indicating that it is not an ideal pump choice for high-power Tm-doped fiber systems. The 1.9 pm pump is recently
developed in high-power Tm-doped fiber systems; the extremely high efficiency of this pumping scheme has been
experimentally demonstrated with 100-W-level output, manifesting the huge potential for power scaling of Tm-doped
fiber systems to high output levels. In this study, the output and thermal characteristics of kW-level Tm-doped fiber
amplifiers (TDFAs) are investigated for different pump bands. Moreover, the power scalability of in-band pumped
TDFAs is explored under several conditions.

Methods Numerical simulations were performed to investigate the output and thermal characteristics. Different
laser configurations featuring different pump schemes and active fibers were compared. Active fiber lengths for
different laser configurations were optimized before comparison. For power scaling, a rough estimation was made at
first. Then, a numerical algorithm with iterative loops for heat load profile and temperature distribution was
developed for further investigations. In the simulation, the overall absorption was set as a constant to ensure
sufficient absorption of the pump, whereas the doping concentration and the fiber length were varying parameters.

Results and Discussions Simulations show that, for the 793 nm pump, owing to the cross-relaxation process,
quantum efficiency could reach above 100% (Table 2). However, the overall efficiency remains low, leading to
severe heat problems with a heat ratio of 80.8% over the output (Table 3). Besides, the temperatures of the fiber
ends remain high (Table 4). For the in-band pump, laser efficiency is significantly improved. At the 1.9 pm pump
band, the laser shows a slope efficiency of >>90% with heat under control ( Table 2, Table 3). Further, the
maximum temperature of the active fiber remains within 50 ‘C for low doping concentrations (Table 4). For power
scaling, rough estimations present that, with the in-band pump, the power scaling of narrow-linewidth Tm-doped
fiber systems is primarily limited by stimulated Brillouin scattering, transverse mode instability, and outer cladding
and optical damage (Table 6). Simulations show that the heat load can be remarkably reduced with the in-band
pump, thereby eliminating the impact of transverse mode instability; however, challenges due to outer cladding
damage and stimulated Brillouin scattering still exist (Figs. 4 and 5). The simulated maximum output for the 1.6 pm
and 1.9 pm pump band reaches 5.9 kW and 12.7 kW, respectively, with a fiber core diameter of 25 pm (Table 7).

Conclusions Performance and power scalability of resonantly pumped Tm-doped fiber systems are theoretically
investigated. Simulations demonstrate that the 1.9 pm resonant pedestal pump provides high-power Tm-doped fiber
systems with a high operation efficiency of >90%, resulting in a controllable heat waste (within 10% of the
output). This limited heat greatly relieves the thermal effects inside the active fiber, eliminating transversal mode
instability as a major concern for power scaling of Tm-doped fiber systems. For the widely exploited 25/250 double-
clad TDF, the 10-kW-level output is attainable with the 1.9 pm resonant pump.

Key words lasers; fiber laser; in-band pump; thermal effects; heat load; power scaling
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