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Table 1 lifetime of each energy-level and branching ratios™**’
Parameter Value
7, /ms 9.9
z,/ms 7.9
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5/ ps 5.0
B s B 0.182, 0.818
Bz s Bao 0.999, 0.001
Biss Bazs Burs Pao 0. 808, 0.008, 0.009, 0.175
Bsis Bsss Bsas Bsis Bso 0.285, 0.029, 0.014, 0.193, 0.479
Bes » Bio 0.99, 0.01
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Table 2 Simulated parameters

[33-34]

Parameter Value Parameter Value
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R 0.86 645/(107% m*) 26.0 26. 4 26.8
R, 0.55 05,/(107 % m*) 31.1 31.9 31.7
Ay /nm 964. 6 964. 8 965. 0 65 /(10 % m*) 9.0
Ay /nm 1976 01,/ (107" m*) 5.085
Ao/ pm 3.44 05, /(107" m*) 30
a,/m”" 0.035 6,,/(107% m*) 37.5
Wi /(1077 m*/s) 1.3 045/(107% m*) 2.10
Wases /(1077 m® /) 0.16 0./(107% m*) 0.7
W5 /(1077 m*/s) 2.5 0.5/C(107%* m*) 10. 8
Wi /(1077 m® /) 0.48 o5 /(107%" m*) 15.0
Maes & WF 55 T 3 A 976 nm F 6 A S &1 5[ P, ()
TR, MEA S SR ERAI N 16.5 5 N G
170 pom ACBE 0 3. 4 . 26 ML o 38 0 £ 1 4 1 Miﬁf@
Al a4, R AR RZER N 10" W, A S H] % 5 S ::?;;Eg
RSML VI P H 50 6, BIRSI R A R VFIRE 2 . ~—Pa(®
WH 107 W, = N~
K5 BTE P, =4.46 W.P , =5 W I} {38 25 £F [ :::::i':::*\
NRLTa TR0 A . 18 6(a) SN Maes 25 R 5 5256
WSS RBR T 3.5 pm WOLH DR AL P 6(h) == e
A A A A R SR AT U 7 976 nm T e

FW YR (P ) AR, B 1976 nm 3 U) R
(P OMERTE 3.5 pm WOGCHF TR (P ) S
I PSS N DR NSO S S S N [ et
4 VSA 5 ESA, BB 8 & . D R i 48
RZsBE 976 nm 20 Ty 2 09 52 T i 0] 1 7% 5h . oF
7 a5 AT )2 ) A VRS L AT DA L T R SR 1

(a) 12

" P,=4.17 W.exp
® P,1=4.46 W.exp
A P,=4.74 W.exp
— P,=4.17 W.sim
— P;1=4.46 W.sim
—— P,=4.74 W.sim

|y
(=]

o
o)

3440 nm signal power /W
o o
- o

<
o

S

S
—

2 3 4 5 6 7 8
1976 nm pump power /W

() 12

K5 P,=4.46 W,P,,=5 W I, OGN i 2 R0 15
Fig. 5 Power distribution in the laser cavity at P, =
446 W, P, =5 W
FLEE ] USRI R 58 6 I W 4, B ik 1 3R A A

R I MERR

—— P=41TW
—o— Pu=4.46 W
—a— Pu=4T4W

=
=

o
o)

3440 nm signal power /W
o o
-~ o

<
o

0 1 2 3 4 5 6 7 8
1976 nm pump power /W

K6 P, P, MKAR. (a)Maes FIH S LIRE5H ; (b) I #5715 MR D145

Fig. 6 Relationship between P, and P ,. (a) Maes et al experimental and simulated results; (b) simulatied results of

the proposed algorithm

1101004-7



E48% F 11 81/2021 &£ 6 A/HEHNL

3.2 iR ge i

16 3. 5-um-DWP-Er : ZBLAN B i #5574 i)
X RSM A3 850H: 8 N = AN 1 B2 43 b7 IE X RSML,
RM 315025 AT X b . 1 S 2 550k X 0 B 4
DA A4 58 5 M 18] 8, 3. 5-pm-DWP-Er : ZBLAN J&
T 2T A O R A I A AT, S 56 T R I M
B MR LR I A Z I AR 21 0T W A
TF R S g i B e AT S AT IR 3K k2 ok LUAR

I 22 90 2y Y ARRS B 0900 16 D 3 i AL . AR s 3 i 1)
AR L TE1E RM B8 RSM, Q0 S5 475 0 {8 46 %)k 4
e b B A — R WME R L AR P KR e 50 25
G LT YR B WL R) RBEK i L 22 10~20 s(H
fiki i & i5-8300H, 2. 30 GHz, 16 GB of RAM,
Winl0) . {Ffiif 5 530 325 %o 47 00 18 AR 50, IR 4 269 1Y
iy 22 A8 2 LEAE BR 2 AR UCEC S T 530 I ) O W B 2 T
K7 5 RM Al RSM A % I (8 B e e

80 50

50

@ —+—RSM (b) ——RSM () ——RSM

70 ——RM —*=RM ——RM
E 60 § 40 E 40
%50 % %
= < 30 < 30
g 40 g g
E 30 g 20 E 20
Z 20 = Z

10 P . W 10 W

0 0 0
0.4 0.6 0.8 1.0 1.0 1.2 1.4 1.4 1.6 1.8

Power guess value Py (0) /W

Power guess value Py(0) /W

Power guess value Ps(0) /W

7 SRR E T ERREE 3. 44 pm [FE R RBMEN KR OG=10 "), () P, =4.17 W,P, =41 W;
(b) P, =4.46 W,P,,=5 Wi(c) P,,=4.7T4 W,P,=6 W

Fig. 7 Relationship between number of cycles and power guess value of 3.44 pm signal light at three pump schemes

(6=10 °). (a) P,,=4.17T W, P, =4 W; (b) P,,=4.46 W, P,=5 W; (¢) P, =4.74 W, P, =6 W

B 7 ()~ (o) 4r B R =F 976 ~1976 nm I
K H R M % F,RM 5 RSM %t 3. 44 pm {52
JETE = =0 AL RS MIA A UK BE . S T T 5 483
R S 30 48 SRR AT X L L O £ = R o R E A T A
W, 43 BB 4. 17 W/4 W 4. 46 W/5 W,
4.74 W/6 W INFLE . MELNRREFIRE
WHEHN 10 ° W.RSM ) RM Fl I SICA 45 45 17 1% 25
Wk 0,02, MEHEAT LIARH, =FIER T P, (O
SEBRAE A3 9 T 0. 7320 WL 1. 2125 W, 1. 6336 W
B 30T, 7 S PR (R B T AL RML BT 75 108 B8 O B0 1 — 4>
H/MEHEE P, (0) [ 228K 10 47 5K, RM i
{149 G BR U BRI g T FE — 0. 3~0.3 W w2 F ,
PEAEACREOIE K B HAE . 5 Z AR, RSM AN
{UAE—0.3~0.3 W {25 T A e B0t B 1 1A%
URECHE T, HL 3% AR R B — B AR T RM. i 22 Bk,
PR B G, AR R A AR X R B AT R P i O
P& B 8, 355E T RSM 7E 3. 5-pm-DWP-Er :
ZBLAN #5 R R 58 4 W (8 0 B2 M. E A 1 2
S B/ 7(h) Fil (o) v RSM 48 22 i iy k28 95 1 T
RM il It 85 f K 28 1 15 2 1) 162 B9k 728 o 2 I ) s
W22 KT 0. 02, F5 B 28 7 FUC S5, 9 8 U8 D K, i
A7) 5 B E R S B L B E AT RIS 1 R

RSM (28 AL AE T i 0 B2 1T 38 TR I sl iy
P 3R T ARSI T B SR RO T
s& SM 7E T fE, SM F & J& 4 i-Fi7 35 £ oK # 7%
(NRM) , TE4) b fife /& 08 g 3 50 S i 1, B A a0
SIORRED AR 22 (<) Bl AR B0 I DL HOE 50
IS, B 8 ARG M BB T IX — A,

B 8(a)~ ()4l A 976 ~1976 nm I K G %
WIHEN 4.17 W/4 W 4.46 W/5 W.4.74 W/6 W
f, RM 5 RSM 46 X 15 22 Bl A1 2 12 1 50 22 Ak i
. SRR IRERBRKETIRZE S ¥ 10 ¢,
RSM (1) RM US4 2517 % 254750 0. 02, 45 i 1Y
REIAEAE ELSSE A —0. 3 W 22 kb (L S22
e=10" i RSM i %), aI LLAE i, B4 78
10 ° X FPORE BE SR F L, RSM KSR RETE 10 K A2 A5 1Y
E UK WS IR T 25 V0 22 J LA B0 9 1 AH
2 F L RM T 60~ 120 KA S5 0996 34 A4 0l 3 2
VEE M ESR, IS R IE T RSM 76 kS I iHE T
WSTSHCI on 280  MH AR P 0 A i 4 e A A I () FE B
FEAR T AR B4 . AR A A, 1 8 ()
o RSM i3 22 458 — G FR A iy Bk 22 5 18 7 4
B S kA2 I A ) o T —0. 3 WAL Hh A
{H 1) AR AR IR IR Z R 2 R T RM B S
S, HEEEA T FUCSAT B BL B A A R 283

1101004-8



E 485 F 11 #/2021 £6 A/FE#L

10! TR @ 100 TR ® 100 R ©
r 4
107 o 107} £ 107
] ] o
g G| 5 I
0107 o 10 r 3} 10_5[
E E E
2107 % 107 2 10]
r r
< < | Sh
107 10} 10
r 4
10" 10" 10
0 20 40 60 80 100 120 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70

Number of cycles

Number of cycles

Number of cycles

B8 =FREMHTET ARESHERREBII LR G=10"), (a) P,;=4.17 W,P,, =4 W;(b) P,,=4.46 W,
P,=5W;(c) P, =4.74 W,P,=6 W

Fig. 8 Relationship between absolute error and number of cycles at three pump schemes(8§=10"%). (a) P,=4.17TW,

P,=4W; (b) P,,=4.46 W, P,,=5 W; (¢) P,,=4.74 W, P, =6 W

FLPE Y, 5 B 1] B A7 AR 7 1) b B0 fi 22, B0 SM
WG —E R LR AT IR, X E N
SM 1 [ A5 5l ait o 5 OIS i RS VP 18 25 1 6 2
BE 2T i B G2 A N 23 X6 Jie 2 WS 8 285 51 7= 2B AT ]
S

£ 3. 5-pum-DWP-Er : ZBLAN #i% F ,RSM
(1 SM = W SRCBR 35 M B0 1) R AL (B S ) 5 B — A 4
By Jacobian % M SR fi# o i1 T M 2655 &0 T AS A7 7E fi Bt
fif W Bl AT BR2ZZ 45 (FD) ¥E 8 16 MEFE LR
TEIX L2200 KA 4 AT BB 1077, AT
fli 4 < RREL, TG SM— WA 98 16 AR 3L 5 2 5
A7) [ 805K fiff , T S5 RML A — YR 26 00 o —
UOBURR ] A 1] B P IR AR TR I B R % AR R L SM
FERPBEIE )2 RM Y 2.5 A%, K9 Al IR S Ui Bl 5X
4,15,0

K9 S =R A0 7 28 PR B i T S (]
BEAE R R AU B AL R . K RSM ) RM Tl

B SM F= ISR 43 1 0 8 F sh i S 10 Kk, ]
PLA H L RSM Y HT 10 IRAG A 2 5 RM LA 15—
HAY MG 10 WAEFRH , RSM £ 41 L AT 10 ¥, &)
RIMT 2.5 5 FF AR, TEFRENE,
£ RSM 1 52 B o7 FH o, A -4 325 2% 325 1) Jmy 38 i 85
SR R 7R v 3 Tl Ty N i 2
Jacobian 4 B S By 11380 R B0 i 45 #5552 1ot
FEH Y RSM 7E 3 Fil &0 T (9 B FE BB K T RM,
FE R MEAT — 52 D 2 LIS SSORS J3 65 v B A 4
K10 A 3 F A LN RSM 5 RM iz 8. [ f) 5K
BRACR AT L, BV EFE I B e R VR IR 22 AL C R .
10 M4 DA f 22 0 —0. 3 WIS G i o %
AT LLE TR 3 P A SRR L SIS B SR (R
FFRZOMN 107" 3] 10, RSM 4 A FE I — B it
8T RMLIEAVFIRZE K 1010 W, T35 i i) B 2 af
PIEF RM A9 1/10, ML T RSM (1 392 12

300 ——RSM (a) 300 ——RSM (b) 300 ——RSM(c)
—e—RM ——RM —e—RM
250 250 250
@ @ @
5] 5] (<5}
£200 £ 200 £200
=1 =} (=1
150 £ 150 £150
8 8 8
= = =
(=} j=" [=1
2100 £100 2100
=} o o
© 50 © 50 © 50
% 5 10 5 20 0 5 5 20 % 5 10 15 20

Number of cycles

Number of cycles

Number of cycles

K9 =REMBTRET HENESHERRBEOER. (O P, =4.17 W.P,=4 W;(b) P,,=4.46 W,P,,=5 W;
() P,,=4.7T4 W,P,=6 W

Fig. 9 Relationship between computation time and number of cycles at three pump schemes. (a) P, =4.17 W,

P,=4W; (b)P,=4.46 W, P,=5W; (¢c) P,=4.74 W, P,=6 W

1101004-9



E48% F 11 81/2021 &£ 6 A/HEHNL

1200 ThM@| 80 RS (b) a0
600
n wn 142]
21000 = s
£ £ 600 g
= 800 2 =
g g 5400
= 600 = =
: - :
400
§ é é 200
200 200 —— e,
.—._‘_‘N_Oﬁ e A——

1011010 10 107 10 10° 10 10
Convergence accuracy

10

1011010 10® 107 10 10° 10 10
Convergence accuracy

10-110° 10 10® 107 10 10 10** 10
Convergence accuracy

SFEBTET BN SRS ENXER., (P, =4.17 W.P,=4 W; ()P, =4.46 W,P_,=5 W;(c)P,, =

4. 74 W,P,=6 W

Fig. 10 Relationship between total computation time and convergence accuracy at three pump schemes. (a)P,,=4.17 W,

P,=4W; (b)P,, =4.46 W, P,,=5 W; ()P, =4.74 W, P, =6 W

4 4k 1w

HEAL T 3.5 pm WK AL Er ¢ ZBLAN JG2F
WL BE SIS B AL, JF #E ST T T 40 b7 A A
PRCME B0k, et T A B T iRk Y 3. 5-pum-
DWP-Er : ZBLAN fa & M, ik H T
RSM 2B it S o #5585k /0 7 3.5 pm 3
G REE A DT R A 28 B SR i A A
Sh SN S UG 45 R U6 IE T BE I AR AR R R Ak Y e
1 1

AL 4 25 5 % B RSM A L RM A7 % W
AR, —J7 T RSM AE @k BE T B SM AL AT,
AT AR e s /0 7 e R 3 T BT R 0 A i AR
B, 5 —Jr A 5] A — A RM TSR 1, Ak
a2l SM7E ) {8 [n] 81 £ i & 5 & iR ) f
A RSM A5 0 {8 1) B0% B 2 IR T RML, o5 7R
LA 25 B AR A 1) 2 00 £ L O L DU AR S L 115
ORI B, o] DLk 8 RM Y 10 f5 DL B, X
— 4+ R4 3. 5-pm-DWP-Er * ZBLAN X 4~
BEATT Y AH OGS 56 A H S B 5 4 R RO B =
QU AR SCHE I R A RN Bk O oY 4 SRR IR 5 S SR
Er : ZBLAN SBEFHOLA G K 2. 8 pm A
P 3.5 pm HSCSTI Y TF R

2 % X #

[1] Li W W, Zhang X J, Wang H, et al. Research
progress of mid-infrared rare earth ion-doped fiber
lasers at 3 pm [J]. Laser & Optoelectronics

Progress, 2019, 56(17): 170605.

U, NG, M, . 3pm PLLAME B 4O

LFROCER I R LT . OG5t Fap Bk, 2019,

56(17): 170605.

(2]

(3]

[4]

(6]

7]

(8]

(9]

[10]

1101004-10

Jackson S D. mid-infrared
emission from afibre laser [J].
2012, 6(7): 423-431.

Ma J, Qin Z P, Xie G Q, et al.

infrared mode-locked laser sources in the 2.0 pm-

Applied Physics

Towards high-power

Nature Photonics,
Review of mid-

region [J].
Reviews, 2019, 6(2): 021317.
Kim S S, Young C, Vidakovic B, et al. Potential and
challenges for breath
diagnostics[J]. IEEE Sensors Journal, 2010, 10(1):
145-158.

Walsh B M, Lee H R, Barnes N P. Mid infrared
lasers for remote sensing applications[J]. Journal of
Luminescence, 2016, 169: 400-405.

Schliesser A, Picqué N, Hiansch T W. Mid-infrared
frequency combs[]J]. Nature Photonics, 2012, 6(7):
440-449.

Ye B, Dai S X, Liu Z J, et al. Research progress of
Er’" : ZBLAN fiber laser operating at 2.7 pum/[J].
Laser & Optoelectronics Progress, 2015, 52 (9):
090004 .

Mk, ECHE R, xR %, . 2.7 pm B EFT
ZBLAN SGEF O R T i R (1] . WMot 5w+
SRR, 2015, 52(9): 090004.

Yao C F. Design and preparation of fluorotellurite

3.5 um spectral

mid-infrared sensors in

glass fibers and their application in mid-infrared
supercontinuum generation [ D]. Changchun: Jilin
University, 2018.

WA 6 TR R R RO AF R Bt i & M AR AL
HMEE 22O IR T m R T (D] KA F RO,
2018.

Aydin Y O. Development of high-power 3 pm fiber
laser sources and components [ D]. Laval: Laval
University, 2019.

Shen D Y, Fan D Y. Mid-infrared lasers [M].

Beijing: National Defense Industry Press, 2015: 152-



E48% F 11 81/2021 &£ 6 A/HEHNL

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

156.

WAETT, BT, TasbEotas [M]. deat: BB L
b AL, 2015 152-156.

Faucher D, Bernier M, Androz G, et al.
passively cooled single-mode all-fiber laser at 2.8 pm
[J]. Optics Letters, 2011, 36(7): 1104-1106.

Goya K, Uehara H, Konishi D, et al. Stable 35-W Er
: ZBLAN fiber laser with CaF, end caps[J]. Applied
Physics Express, 2019, 12(10): 102007.

Fortin V, Jobin F,
monolithic dysprosium-doped fiber laser at 3.24 pm
[J]. Optics Letters, 2019, 44(3): 491-494.

Duval S, Wang Y C, et al. Ultrafast mid-infrared
fiber lasers beyond 3 pm [C] //CLEO: Science and
Innovations 2019, May 5-10, 2019,
California. Washington, DC: OSA, 2019: SF2L.1.
Henderson-Sapir O, Munch J, Ottaway D J. Mid-

infrared fiber lasers at and beyond 3.5 pm using dual-

20 W

Larose M, et al. 10-W-level

San Jose,

wavelength pumping [J]. Optics Letters, 2014, 39
(3): 493-496.

Fortin V, Maes F, Bernier M, et al. Watt-level
erbium-doped all-fiber laser at 3.44 pm[J]. Optics
Letters, 2016, 41(3): 559-562.

Schneider J. Fluoridefibre laser operating at 3.9 pm
[J]. Electronics Letters, 1995, 31(15): 1250-1251.
Luan K P, Shen Y L, Tao M M, et al. Numerical
simulation of 3.5 pm dual-wavelength pumped Er :
ZBLAN fiber lasers[]J]. Chinese Journal of Lasers,
2019, 46(10): 1001008.

SRS, TR JE, PSS, & 3.5 pm BUEK W
Er+ ZBLAN JG 40 O de BUE AL [T P HOL,
2019, 46(10): 1001008.

Sandrock T, Fischer D, Glas P, et al. Diode-pumped
1-W Er-doped fluoride glass M-profile fiber laser
emitting at 2. 8 pm [J]. Optics Letters, 1999, 24
(18): 1284-1286.

Aydin Y O, Fortin V, Vallée R,
power scaling of 2. 8 pm fiber lasers [J]. Optics
Letters, 2018, 43(18): 4542-4545.

Paradis P, Fortin V, Aydin Y O, et al. 10 W-level
gain-switched all-fiber laser at 2.8 pm[J]. Optics
Letters, 2018, 43(13): 3196-3199.

Li Y, Wei C, Zhang H, et al. Wideband tunable

et al. Towards

passively Q-switched fiber laser at 2. 8 pm using a
broadband carbon nanotube saturable absorber []].
Photonics Research, 2019, 7(1): 14-18.

Zhu G W, Zhu X S, Wang F Q, et al. Graphene
mode-locked fiber 2.8 pum [J]. IEEE
Photonics Technology Letters, 2016, 28(1): 7-10.
Shen Y L, Wang Y S, Chen H W, et al.
Wavelength-tunable

laser at

passively mode-locked mid-

[25]

[26]

[27]

(28]

[29]

[30]

[(31]

[32]

[33]

[34]

[35]

[36]

[37]

1101004-11

infrared Er'" -doped ZBLAN fiber laser[J]. Scientific
Reports, 2017, 7(1): 14913.

Teébben H. CW lasing at 3.45 pm in erbium-doped
fluorozirconate fibres [J]. Frequenz, 1991, 45 (9/
10): 250-252.

Toébben H. Temperature-tunable 3.5 pm fibre laser
[J]. Electronics Letters, 1993, 29(8): 667-669.
Jackson S D,
Versatile and widely tunable mid-infrared erbium
doped ZBLAN fiber laser[J]. Optics Letters, 2016,
41(7): 1676-1679.

Qin Z P, Xie G Q, Ma J G, et al. Mid-infrared Er :
ZBLAN fiber laser reaching 3.68 pm wavelength[J].
Chinese Optics Letters, 2017, 15(11): 111402.
Maes F, Fortin V, Bernier M, et al. 5. 6 W

Henderson-Sapir O, Ottaway D J.

monolithic fiber laser at 3.55 pm[J]. Optics Letters,
2017, 42(11): 2054-2057.

Bawden N, Matsukuma H, Henderson-Sapir O, et
al. Actively Q-switched dual-wavelength pumped
Er’" : ZBLAN fiber laser at 3.47 pm[J]. Optics
Letters, 2018, 43(11): 2724-2727.

Xie G Q, Qin Z P. Mid-infrared ultrafast lasers based
on two-dimension materials [C] //CLEO Pacific Rim
Conference, July 29-August 3, 2018, Hong Kong,
China. Washington, DC: OSA, 2018: TH2G.2.
Malouf A, Henderson-Sapir O, Gorjan M,

Numerical modeling of 3. 5 pm dual-wavelength

et al.

pumped erbium-doped mid-infrared fiber lasers [J].
IEEE Journal of Quantum Electronics, 2016, 52

(11)y: 1-12.
Gorjan M, Marinéek M, Copic M. Role of interionic

processes in the efficiency and operation of erbium-
doped fluoride fiber lasers [J]. IEEE Journal of
Quantum Electronics, 2011, 47(2): 262-273.

Maes F, Fortin V, Bernier M, et al. Quenching of
3.4 pm dual-wavelength pumped erbium doped fiber
lasers[J]. IEEE Journal of Quantum Electronics,
2017, 53(2): 1-8.

Press W H, Teukolsky S A, et al. Numerical recipes
in C: the art of scientific computing [M]. 2nd ed.
Cambridge: Cambridge University Press, 2002: 43-
772.

Ou P. MATLAB source program of “higher optical
simulation”[M]. 2nd ed. Beijing: Beihang University
Press, 2014: 264-332.

W . i 456 2 ) B (MATLAB MU - 6%, 06
[M]. 2 . dbmt: dERtin 2 i K % e, 2014
264-332.

Sujecki S. An efficient algorithm for steady state
operating under cascade

analysis of fibre lasers

scheme [ ]J]. International Journal of

pumping



E48% F 11 81/2021 &£ 6 A/HEHNL

Electronics and Telecommunications, 2014, 60(2): M. A TR EE R RE[D] . A i
143-149. MR K, 2015.

[38] Wei Y.Research on some algebraic inverse eigenvalue [39] Moler C B. Numerical computing with Matlab[M].
problems [ D]. Nanjing: Nanjing University of Auckland: Society for Industrial and Applied
Aeronautics and Astronautics, 2015. Mathematics, 2004: 117-217.

Algorithm Optimization for Fast Simulation of
3.5 pm Dual-Wavelength Pumped Er : ZBLLAN Fiber Laser

Wang Luo, Yao Chuanfei, Li Pingxue® , Zhang Xi, Wu Yongjing, Wang Xuan, Yang Linjing
Institute of Ultrashort Pulsed Laser and Application, Faculty of Materials and Manufacturing,
Beijing University of Technology, Beijing 100124, China

Abstract

Objective  Mid-infrared fiber laser between 2 and 5 pm has many crucial applications, such as military
confrontation, medicine, remote sensing, and spectroscopy, making them a research hotspot in the field of laser
technology. Recently, researchers used fluoride glass fibers doped with various rare-earth ions as gain medium, and
achieved 2.8, 3.2, 3.5, and 3.9 pm mid-infrared signal output. Among them, owing to the advantages, such as
great transparency and unique emission spectrum at mid-infrared region, Er’’ -based ZBLAN (Er : ZBLAN) glass
fibers are the most widely used rare-earth doped active gain fiber. The transitions between the energy levels ‘1,,,, to
113, and 'y, to ‘I, can emission the signal photon covering 2.7 to 2.9 (2.8 ym) and 3.3 to 3.8 pm (3.5 pm),
respectively. The experimental study of 3.5-pm-Er : ZBLAN has been conducted since the 1990, from the early
655 nm red visible light pumping scheme to 976 and 1976 nm dual-wavelength pumping (DWP) scheme. The output
performance has been significantly improved. Continuous wave (CW) laser with maximum output power of 5.6 W,
Q-switch, and mode-locked pulse output has been reported. Compared with the experimental study, 3.5-pm-DWP-
Er : ZBLAN is also valuable for advanced research on the theoretical dynamics mechanism because of its complex
energy level structure. For example, by exploring suitable fiber parameters and DWP scheme theoretically, the 3.5
pm signal output performance is optimized or the power ratio of dual wavelength signal is controlled. However, such
advanced research not only requires repeated running of simulation programs and processes a large amount of
simulation data, but always lacks the experimental results as a reference, which puts forward high requirements for
convergence speed, convergence accuracy, and guessed value stability of boundary value problem (Bvp) algorithm.
The existing theoretical research of 3. 5-um-DWP-Er : ZBLAN is based on the exploration of the dynamics
mechanism, and there is still no report of numerical algorithm. In this paper, we present a novel Bvp algorithm
combined with two standard algorithms used in the fiber laser simulation: Relaxation method (RM) and shooting
method (SM). We called the new algorithm relaxation-shooting method (RSM). The advantages of RSM are that it
avoids the problem of RM's low convergence speed with an inaccurate guessed value, and the problem of diverging
easily of SM, which make RSM possesses high convergence speed, convergence accuracy, and stability to guessed
value. We believe that the research results of RSM will contribute to the development of the theory of mid-infrared
fiber lasers, and guide the subsequent experiments of 2.8-pm-Er : ZBLAN and 3.5-pm-DWP-Er : ZBLAN.

Methods In this paper, first, we present a numerical model based on 3.5-um-DWP-Er : ZBLAN for steady-state
analysis of the dynamic mechanism. Then, we investigate two standard Bvp analysis methods used in the field of
fiber laser. Besides, we discuss their programs and mechanism of convergence judgment. We analyze the potential
advantages of RSM and compile the program of RSM based on the characteristics and limitations of the two standard
algorithms. Then, the simulated and experimental results in the classical literature are restored using RSM
algorithm, which verifies the accuracy of the numerical model and Bvp algorithm. Finally, we discuss the
convergence speed, computation time, and stability to guessed value of RSM. The results were compared with RM at
the same pump scheme.

Results and Discussions Fig. 7 shows the stability comparison between RM and RSM for 3.44 pm signal guessed
value at three DWP schemes. It is worth noting that the actual values of P, (0) at three various pumping schemes
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can be obtained at around 0.7320, 1.2125, and 1.6336 W, and there is a minimum number of cycles of RM near the
actual value. However, as the guessed value of Py (0) drifts to the left or right, the number of cycles of RM
increases rapidly, and it will increase to several times at the deviation of £ 0.3 W. The total number of cycles of
RSM is always lower than RM, and there is no obvious increase in number of cycles. Besides, the higher the
deviation, the more obvious the advantage of RSM. There is no solution divergence in the whole computation
process, indicating the stability of RSM to guessed value. Fig. 8 shows the comparison of convergence speed and
accuracy between RM and RSM at three DWP schemes. The guessed value deviation was set at — 0.3 W. We obtain
that the RSM can converge at about ten cycles; absolute error of the last iteration is several orders of magnitude
lower than the allowable error. The RM method requires 60 to 120 iterations to meet the given accuracy
requirements. The result showed that RSM possesses higher convergence speed and convergence accuracy than the
standard RM algorithm. Fig. 10 shows the test of total computational time when the initial guessed value was set at
~0.3 W. We obtain that the total computational time of RSM is always lower than RM at the accuracy requirement
range from 10 * to 10™ ', at three DWP schemes. When the maximum allowable error is set at 10 ', the
computational time is lower than 1/10 of using the RM method, which intuitively illustrates the RSM's actual
calculation effect.

Conclusions In this paper, we present a novel Bvp algorithm called RSM, combined with two standard algorithms
used in the field of steady-state analysis of fiber lasers, and based on the numerical model of 3. 5-pm-DWP-Er :
ZBLAN. The results show that RSM has more obvious advantages in convergence speed, convergence accuracy, and
stability to guessed value compared with RM. Besides, the RSM algorithm has the advantages of SM at high accuracy
requirement, which can greatly reduce the number of cycles required for refining initial guessed value. The problem
of diverging easily of SM when the solution of initial value problem (Ivp) is unstable, but it is can be solved by
introducing a part of pre-convergence of RM. In addition, the stability of RSM to guessed value is much higher than
RM; thus, it is no necessary to input a greatly accurate initial guessed value before simulation. However, the less
accurate the guessed value, the more obvious the advantage of computation efficiency. In this study, the
convergence speed of RSM can reach more than ten times of RM, making it suitable for the field of 3.5-pum-DWP-
Er : ZBLAN where reports of experimental and theoretical research are relatively rare. We believe that our research
of RSM will contribute to the development of theoretical research of mid-infrared fiber lasers, and guide the
subsequent experiments of 2.8-um-Er : ZBLAN and 3.5-pm-DWP-Er : ZBLAN.
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