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Fig. 1. Energy level diagram of Er**-doped ZBLAN fiber lasers relevant to cascaded transitions of 2.8 um and 1.6 pm lasers.
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Fig. 2. Schematic of mid-infrared fiber laser with a single 2.8 um laser cavity.
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Fig. 3. Calculation results of 2.8 um output power as a function of 976 nm launched pump power with 10 m/20 m/30 m fiber

lengths: (a) With ESA1; (b) without ESA1.
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Table 1.  Parameters used in the simulation 71319,
Parameter Value Parameter Value
Ap/nm 976 R, 0.04
Ag1/nm 2800 Ry, 0.04
0p2/(10® m?)  2.00 | Wipy/(10* m*s")  0.40
03/ (1022 m?) 110 | Waye/ (10 m¥sh)0.08
a15/(10 % m?) 2.50 Wigs1/ (107 m*s7") 15.0
02/(10 %P m?) 422 | Ws3/(10* m*s")  0.10
Ry 0.99 ap,/mt 0.023

Rgy, 0.04 ag/m! 0.00345
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K 48 2.8 pm Al 1.6 um FOEHIBE KT 1Y b
LM RO R B, 51K 2 BaE RIS 25
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Fig. 4. Schematic of mid-infrared fiber lasers with cascaded 2.8 um and 1.6 pum laser transitions.
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Fig. 5. 2.8 pum laser characteristics of the 2.8 pm laser single-cavity system (without 1.6 pm feedback) and the dual-cavity system

based on cascaded 2.8 pm and 1.6 um lasers (with 1.6 pm feedback): (a) Output power of 2.8 pm and 1.6 pm laser as a function of

976 nm launched pump power; (b) power distribution of pump light and 1.6 pm cascade laser along fiber under 35 W of launched

pump power; (c) population distribution of “Iys 5, *I;3/, and *I; j, energy levels along active fiber under 35 W of launched pump power.
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Table 2. Parameters used in cascaded transition

system [15:17-20],

28 Hfl 28 Hfl
Ag1/nm 2825 010/(10% m?) 0.55
Ag/nm 1614 | 0g/(10% m?) 0.12

Ry, 0.80 013/ (10 m?) 0.127

R, 0.995 | 03/(10% m?) 0.133

015/(10 % m?) 1.37 agp/m! 0.0048
091/(10°% m?) 2.67
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M. & 6(b) 45 AIBHOLI K B2 4 1610 nm Y,
2.8 pm P B M DR SEOLE R MR, D
B K 15 m M Th 3 50 W b, i
BOCHAC IR, 2.8 pm BOCIIHRBE WG K, FHE
2880 nm ALk B WE(H . FfE 3G 15 G B R,
T BRSO B K PR B i B 4, iR )
SR E TR R IO I K B A A . 3N 25 Lr
KEETE— &R FA B TSR B 0 & 2 %
RANEISEZ 23K ok A at /b e a WE R = SN RE B NiOE nE SR 1|
B, SERROGAF KRR E LA 5 8. &k
AR T, FECA K 15 m B, S
B K414 4 2880 nm il 1610 nm, 465 B34
Sttt DR S D 2R AR O R AN 6(c) PR,
TEFYPRIAE] 1.6 pm HOCHIE (~5 W LD 223
&) Z 11, 2.8 pm HOGHIRFRBCRY 16.8%,
1M 1.6 um FIKFOEEIRG 2.8 pm 6 HRPRRL
FHERF] 49.5%.

#* 3 ZBLAN BEFSHEHE F7F 2.8 pum B

WK W 2 S AR 1

Table 3. Absorption and emission cross sections of

erbium ions at three selected wavelength of 2.8 pm
regime in ZBLAN glass [1%],

Ag1/nm Cross-section Value/ (102! m?)

021 0.235

2700
012 0.262
021 0.422

2800
012 0.249
91 0.066

2900
J12 0.022
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Fig. 6. Under 50 W of launched pump power at 976 nm:
(a) 2.8 um output power as a function of cascaded wave-
length at 1.6 pm; (b) 2.8 um output power as a function of
laser wavelength at 2.8 pum, the value of cascaded wave-
length was fixed at 1610 nm; (¢) output power of 2880 nm
and 1610 nm laser as a function of 976 nm launched pump
power. 2.8 um cavity feedbacks: Ry = 99%, Rgp = 4%,
1.6 um cavity feedbacks: Ry = 99%, Reor, = 99%.

E 7(a) AASIE 1610 nm fE &5 T, 2880 nm

Jg 46.4%, SIS 1.6 pwm & RSO L, B
Stk DR AR I B R REAG; B — 2
FEAK 1.6 pm BOGRIRE RS 2 PR 4%, o2
62T v 1 A TETR IR B S KB, 2.8 pm 306 R &)
RHCRATIRE 43.4%, W CHLETIR SRR 2.8 pm
WO . & 7(b) 45 R TR RS A5 F T 2R3
A1 1610 nm B OCLF I TR0 . JEF o
TS R RE BB A2 7 A2 78 3 1Y 1.6 wm WOGHR Y, A
[IENET SR ooy & ST i/ N s i) 0 i 8 Qi)
U FE ST B pa 2, BRAS T O RGNS
MERE, AR TIRE RS RN, RLHEE &
B 2.8 pum WOCH A BT B

35 10

—=— 2880 nm, Ry =99%, RoL=99%  (a)
30 L—e— 2880 nm, Ry = 99%, Rer = 4%
E —a— 2880 nm, Ry = 4%, Rsor, = 4% 18 E
3 25 l—o— 1610 nm, Ry = 99%, Rer = 99% )
£ —o— 1610 nm, Ry = 99%, Ruor, = 4% g
2 20— 1610 nm, R =4%, Rar :4%/' 6z
E E
5 15y m=49.5%14 3
g &3 07
£ 10} 46.4% §
2 2 g
£ st —=
O o 10
0 5 10 15 20 25 30 35 40 45 50
976 nm launched pump power/W
14
(b) — 976 nm, Ry =99%, R =99%
50 - --- 976 nm, Ry = 99%, R, =4% 112

e 976 nm, Ry = 4%, Rgor, = 4%
— 1610 nm, Ry = 99%, Rer = 99%

= 40r 1610 nm, R = 99%. R, =4% 110 B
~
= - 1610 nm, Ry = 4%, Rur, = 4% 5
[0
£ 30} 18 é
2
s [ /AN 16 §
= 20+ ;
E 14 =
o =
10 9
Ob ¢ L L L L L L ' 40

0 2 4 6 8 10 12 14 16

Position in fiber/m

Bl 7 A 1610 nm BRI (Reo/Rer) T (a) 2880 nm F
1610 nm BOLHS Hh DI BEAR T DI R M C R (b) R
A 50 W, ZEIREA 1610 nm HOGHHEE B9 R 4 i

Fig. 7. With the different 1610 nm feedbacks (R./Rer):
(a) Output power of 2880 nm and 1610 nm laser as a func-
tion of 976 nm launched pump power; (b) 976 nm and 1.6 pm
laser power distribution along active fiber under 50 W of

launched pump power.
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Numerical analysis and optimization of 2.8 um lightly-erbium-
doped fluoride fiber laser based on cascaded transition”

Xia Wen-Xin#  Fu Shi-Jie# Zhang Jun-Xiang Zhang Lu  Sheng Quan'
Luo Xue-Wen  Shi Wei! Yao Jian-Quan

(Key Laboratory of Optoelectronic Information Technology (Ministry of Education), School of Precision Instrument
and Optoelectronics Engineering, Tianjin University, Tianjin 300072, China)

( Received 31 May 2023; revised manuscript received 21 August 2023 )

Abstract

Er*t-doped ZBLAN fiber laser is a promising approach to producing 2.8 pm mid-infrared (MIR) laser. The
long lifetime of the lower-laser-level “I;3/, often results in serious self-terminating effect which harms the laser
power and efficiency significantly, especially for the active fiber with low dopant concentration which is
preferred for weak thermal issues but cannot depopulate the lower-laser-level effectively via the up-conversion
process. The 1.6 um lasing (4113/2 — 'Ly55) in Er-ZBLAN fiber could deplete the population on I;5/5. Therefore,
cascaded 2.8 um and 1.6 pum lasing in Er**-doped ZBLAN fiber provides a promising solution to the self-
termination effects on laser power scaling. Moreover, the “I;3/, — I;; 2 1.6 pm laser also has some overlap with
the 'T;5/, = "Iy/5 excited state absorption (ESA) spectrum. The ions on the ‘Iy/, level would then relax to the
upper-laser-level of 2.8 pm lasing (‘I /2), and results in enhanced laser efficiency. In general, the 1.6 pm
cascaded lasing in 2.8 pm Er-ZBLAN fiber laser involves both lasing and ESA. The two processes have different
spectra and different influences on the 2.8 pm laser gain. Therefore, there should exist an optimal wavelength of
the 1.6 um laser, which would balance the two processes, ensuring the lower-laser-level depopulation while
maximizing the ion recycling. Therefore, we develop a comprehensive numerical model of cascaded 2.8 pm and
1.6 pm lasers based on Er-ZBLAN fiber. After the numerical model is verified by the previous experimental
results, the effects of MIR and 1.6 pm lasing wavelengths on the power and conversion efficiency of 2.8 um laser
are investigated in depth. The results show that a suitable trade-off between the two processes can be reached
with the cascaded lasing wavelength of 1610 nm, for the optimized 2.8 pm laser power/efficiency. Moreover, the
influence of 1.6 pm laser cavity feedback on the power/efficiency characteristics of the 2.8 pum laser is also
investigated. It is found that the feedback at 1.6 um is very low, even only 4% is provided by the Fresnel
reflection of the fiber facet, which can effectively generate 1.6 um laser and significantly improve the efficiency

of 2.8 pm laser.
Keywords: mid-infrared laser, fiber laser, cascaded laser, erbium-doped fluoride fiber

PACS: 42.55.Wd, 42.60.Lh, 78.45.+h DOI: 10.7498 /aps.72.20230903
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