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Ho%*/Pr3* co-doped InF fiber
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Bl 1 (W4 E) SR L5M3.9-um Ho' ' /Pr k45
InFEOE 8 45 F R B R

Figure 1 (Color online) Schematic layout of mid-infrared 3.9-um
Ho>'/Pr*" co-doped InF all-fiber laser.
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Figure 2 (Color online) Schematic diagram of partial energy levels
relevant and transition processes of the Ho®"/Pr** co-doped InF all-fiber
laser.

KOO X WEBAPC I EEHK); (2) Wil RERER
R, Ay L REOFSREGOIL AR IRIT; (3) 17 Fith
BEFRELRER. LR RS 5 = A i il
(1) B 888 nm =i e T, M _EBRIE 2 FsRELR, 1X
AR R S (2) I REEFE AN RE EFEFE
AP, R T RGBS, 3) B e RS
A, i RES TR BRI AR BT, 2L R Y
£3.92 umBOL FREGCIBESRL T, AR T#OLia#,
AN, CLAEZCR @ s T A, A TEE
APPSR ANAL T I35 0K I8 I 22 b5, 43 5l 1%
N BE ST AE S BRIT AN ) b BRIT 271, BE 2%

W FREOesh fEl T, TR EOTE
AT HALHTTRE, %1888 nmi ZE il Ho /P’ JL B InF

JCEF423.92 umBOE 3 J) 2 A REEAT A, B B E
PR HUHO™ L ARk AR K, T HLPr LBk
1) st R AR, DRI, R AR e R R e %
BESRL T U FE AR AL, AR LT B % P s )

-~ Resa=WaNa(z,ONo(z2,1)
Ny(z,t
HED N0, ()
dN;(z,¢ Ny(z,t Ns(z,¢
ii(t ):RGSA+ﬂ43 454 )_RSE_—S; )> (2)
N{z,t
dNZ(Z;t) :RsE(Z, t)+ Z ﬂiz l(Z )
dt i=3-4 i
HWNa(z, ONo(2, 1) + W N (2, 1)
Ny(z,t
2D e,
7WET2N2(Zn t)NPr’ (3)
Nz, ¢t
WGD - 5 MED N oz
dt i=2-4 T
7N1(Zst)

T ’RESA’2W11N12(ZJ)

“WeriNi(z, )N, 4)
Ny = Ny(z,8) + Ni(z,8) + Ny(z,8) T N3(z2,1) T Ny(z,1), (5)
X, NoNZESHETFECEE, NON L RESOR T35,
NS LG RESORL AU FE, N RL 7RO, N,
NFSREGORL T HUE B, NOVHO B 24K, o MM
iRERFF AN, Wi, W MW ml e &R L%
ETU1, ETU2FIZE X ith 74 CRIEFEHH C 1K R S 4L
Wer M Wer, 73 BN HO™ B 1 P 88 7 Bt e B i 72
ETIRIET2HI KA R S5, H5Ho® RIPr I M1
B NiREL A RE L TE I LA, Rosa, Resa®HRse 73 1A
ST ROE R . BOR AR SCE SRR K S
R, HFRIER o HIAP

A FO-GSA

Rasa = e Mo 0B G0+ Py (2,0), (6)
Aol pOESA _
Resa = o M@ DR .0 + Py (2,0, M
Ad 30 _
R = Gooiy V3@ DIR @D+ B0, (8)

X, AR AN RIEOCH, oasa WS
WO, o n JIPHCA AS ISR, o 990 IR S5 AT B
AR E, IR, A EFE HIAT TR
Py (z, OMIP, (2, )73 BINTHTTR A A A4 A e D

124211-3



S G [ E RS

2026 £ Hs6E 12 M

#, P (z, )MIP (z, )73 73 A B ) R 744 46 30 D
R, Hik = FP2:

i@Ppi(z, 1) N OP;(z,1)
Oz VOt

= _I;GGSANO(Z’ t)Ppi(Z, t)
_I}GESANI(Z? t)Ppi(Za t) - apPpi(Zs t)a (9)

OPX(z,t) , OPH(z,t)
* Oz * Vg0t

:FsGSEN3(ZJ)Psi(Za 1)
2hc? +

+I;/1—S305EN3(ZJ)AASE*0‘SPS (z,0), (10)
A, v NTESREF R AR S, a, Moo A LT A
TEZE TR R FE AN IR FE, Aase NBCRIIE R
TR TE. DAL B YR EEN 7, K
RO NG R R 7, ST 4SpsIR S
WAL E BT AR B P, R4S S N e O,
BT AR N 00 o0re(0.65+1.6197715+2.876 V40 1|
BI=1—exp(—2(Feorel o) )Y, VRE—ALHR, HitH
RAV=2mr o, NA/, NANLFEFIEE LR, e
5 A IR s 1 7 A W T A I 1 A R R

P,(0,1) = P, (0,0)R + Py, (11)
P, (L,t) =Py (LR + Py, (12)
P(0,1) = P (0,0)R, (13)
P (L,t) = P/(L, )Ry, (14)

A, FARORIL 2351 Xk 1 4% s 1 7 s (4 P BT 7).

Ryo R, 53 5 AFBGIAIFBG2A LIRS 2, Ry

FIRy 73 W NFBGUMFBG2XHME 56 I [ ST, PN

FBG AT NFIZRIH TR, WOtk Thx A
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1 Ho" B P

Table 1 Constant spectroscopic parameters of Ho*" ions

ZH 1l 24 A
7| 16.2 ms Lo 1
7 6.2 ms B, Bao 0.058, 0.942
73 135 ps B3, 315 P30 0.013, 0.43, 0.557

0.004, 0.046, 0.192,

T4 16.3 pus Bz, Pazs Pars Pao 0.758

#£2 ESHIOLLTSH

Table 2 Spectroscopic and fiber parameters

ZH Hld

4 x10%cm™ 2 x 10" em™

Net (2 mol.%)""! (10 mol.%)""
o, 4 x10% em™ 2x10%em™
(0.2 mol.%) (1 mol.%)
L 0.5-2.5m
deore 1.6 x 10 m
dead 1.0 x 10 m
T 8.88 x 107" m
s 3.92x10%m
OGSA 43 x 10726 m?
OESA 3.0 x 1075 m*2!
ose 3.7 x 1075 m?2]
0 0.046 m™'?
op 0.1 m™ "%
n 1.49
Aast 1.0 x 107 mP?%
Wy (m® s7h) 2.3 x 107243 2.8 x 1075060
Wy (m® s71) 2.08 x 107380 2.5 x 1072280
Wi (m® s71) 4.2 x 107230 5.0 x 1073060
Wer (m® s7) 1.5 x 1072230 4.5 x 1072230
Wit (m® s71) 5.5 x 1072230 2.5 x 1072160
3 EBIEESH
Table 3 Parameters of laser resonator
S8 HfE
Ry 0.005
Ry 0.01
Ry 0.99
Ry Various

35%. MEHATLAE 1, HRMEGEAM LS,
Ho™ B 7 Bk 7 Hea ] 7, B Bofos BREZECTs
R BONWTER SR, MR AN ERE, PRILEOtH T ThR A
WOt FREGCT R T HCR R AR, 2 RREZCI KL 4
RE—EfRE ), THar TERGE, IBahEIREHOtR
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Figure 3 (Color online) Simulation results of 3.9 pm laser oscillation
dynamics process.
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Figure 4 (Color online) Laser output power as a function of pump
power.
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Figure 5 (Color online) Normalized laser output power versus doped
fiber length.
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Figure 6 (Color online) Laser output power as a function of
reflectivity of output coupler.
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Figure 7 Impacts of the fluorescence lifetime of upper laser level °I
on 3.9 pum laser output power.
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Numerical analysis of mid-infrared 3.9-um Ho*"/Pr** co-doped
InF all-fiber laser

LIANG XiaoLin, BAO BenGang, WANG LinHui" & ZHOU SongQing

College of Intelligent Manufacturing, Hunan University of Science and Engineering, Yongzhou 425199, China
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A method for high efficiency operation of a mid-infrared 3.9 pm all-fiber laser is proposed based on the efficient energy
transfer mechanism between holmium (Ho") and praseodymium (Pr*") ions. An all-fiber laser is constructed by doping
Ho®" and Pr** into indium fluoride fiber and inscribing Bragg fiber gratings with optimized reflectivity ratios at both ends
of the fiber. A rate equation model for the Ho’*/Pr’* co-doped 3.9 um laser system is established, and the effects of
doping concentration, pump power, fiber length, output coupling ratio, and upper-level particle lifetime on the output
characteristics of the laser are simulated. The calculated results indicate that the lower energy level particles can be
eliminated by introducing the energy transfer mechanism of Pr’’, which realizes the particle number inversion and
3.9 um laser high efficiency output. Under high doping conditions, a slope efficiency of 17.8% was achieved,
approaching the theoretical Stokes limit of 22.7%. Therefore, this method is supposed to be an effective solution for low
laser efficiency in singly Ho®*-doped InF lasers.

mid-infrared, all-fiber laser, energy transfer, numerical analysis, Ho*'/Pr** co-doped, continuous-wave
PACS: 42.55.-f, 42.55.Ah, 42.55.Rz, 42.60.Lh
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