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Table 1

dispersion regimes and different pump pulse durations

Dominant nonlinear effects under different

[36]
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Table 2 Typical physical and chemical parameters of common optical fibers

547

Fluoride Chalcogenide
Characteristic Parameter Silica Tellurite
AlF, ZBLAN InF, As, S, As, Se;
Material refracti
atental fetractive 1.45 ~2 1.46  1.481.53 1.47-1.53  2.415 2.83
Dispersion index
characteristic Typical bulk
ypical bu
1. 26 2 — 1.71 ~1.8 4. 81 7.5
ZDW /pm
Ph
onon energy / 1100 800 - 550 - 350 -
cm
Loss Bulk transmission () o oo 45, - 0.3-7.5  0.3-9.5 0.8-7.0  1-15
characteristic window /;Lm
Fiber transmission _
. 0.4-2.5 - 0.3-3.5 0.5-4.5 0.5-5.5 1.0-6.0 1.5-10.0
window /pm
Raman frequency
13.2 21 — ~17.7 - 10. 2 ~7.2
shift /THz
Nonlinear Self-focus threshold
15.1 0.57 — 12 12 0.08 0.03
characteristic at 2 pm /MW 2
Nonlinear refractive 26 19 33 300 1500
index /(10 * m**W ) ’ ’
Transition i i i
o 1000 300 367 260 300 185 178
temperature /°C
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erm.a ‘ erma C?? UCﬁl]Vl y/ 1 38 ) B 0. 628 B 0.2 B
characteristic (Wem K )
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Fig. 1 Typical fiber loss profiles in long-wavelength side for common fiber materials"™*
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Fig. 2 Technical schemes of high power MIR-SC fiber lasers. (a) Based on passive nonlinear fiber; (b) based on fiber amplifier
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Fig. 3 SC laser spectrum at output power of 10.5 W&
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ZBLAN fiber with 2 pm pulsed fiber laser' ™
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Fig. 6 Spectra of SC laser with output power of 21.8 W™"
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Fig. 7 All-fiber SC laser™ . (a) Schematic of experimental setup; (b) microscope photo of fusion splicing joint; photos

of end surfaces of (c¢) silica and (d) ZBLAN fibers after pulling apart
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Fig. 8 Experimental layout of spectrally-flat MIR-SC laser
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Fig. 9 Output spectrum of spectrally-flat MIR-SC laser"™
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AN SR O, Ho 3.8 pm A6 EE 4 19 3

[73]

FHy 116, 1 mW. (5 EIIR AR 21.1%7,

Wi & B % 2 OIS Y R 8] ZBLAN SLEF Y
P ARFE X (4. 2 pem LB B O £F i T 7R = D) R A%
PEF 7= B 2RIE n, TC B 3 19 10 P 06 £F 1
T S IR 263 OH (945l T 1 300 3 T 46 45
(R B 52 o 28 T 1 300 ot 1T 58 B . it 1E B 90 Bk AR )
2 S5 1oy By 25 v 21 A % S 1 O R R B T A 44 HR
Z M. bR b, BESEON B TE SE AT m I R 2.8 ~
3.0 pm MR BOCAR I IE I L ds T TAR K 7
TK G35 W S DX 1 ' £ O L S i TR 0
B T SO 7 1 BB AR T I3 i £ v i 2
S5 B FEAL W 06 £F i 180 B 4 0 A T B

2017 4 A PRABUZH A6 BB ZBLAN Ol 2F i i o
il & T 28 ZBLAN SG£F i i, SCBL TR ¥ o R ok
15.2 W 3 T R 4 6 F vh 21 A8 3% S 1 0o .
M S HOEOERE I 10 B s, 24 2 TR
RN 30,1 W BF, ZBLAN JG27 i Y 488 1% 2235 30Ot
FISE IR o 15,2 Wi E S B 1.9 ~
4.2 pm,10 dB GG E M 1. 96 ~4. 05 pm, fEi%
WFFE T, 345 1) S ok 2.4 ,3.0 ,3. 8 pm
PLESGTE B3 i B3 00 o 12.5 ,8.1,1. 08 W,
XF L B T B Ay il 82.3%6 053,20 .7.1%

40— .
—1.5W
—4.0W

) Pump increasing ‘ —6.6W

T % ) ; —oaw

2 —10.7W

g —13.0W

o 207 —152W

=

2

E 10

[5)

o

Y v

0¥ : : ; : i
2000 2500 3000 3500 4000 4500
Wavelength (nm)
[ 10 8 3 S 1 O e 3 B A S T R A T AR

Fig. 10 SC laser spectra for different output powers ™2
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Fig. 11 MIR-SC laser with average power of 30 WP | (a) Structural diagram; (b) spectra
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Fig. 12 MIR-SC laser spectra for average power of 20.6 W
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Table 3 Parameters of SC lasers with output power >10 W based on undoped fluoride fibers

Central Pul Output SC characteristic
ulse . . e - - '
Year wavelength Pulse repetition Amplifier pov.ver Coupling Lo.uPhng Spectral Power / Conversion Ref.
of seed duration ot type of fiber  method efficiency range / efficiency /
laser amplifier pm w %
0 g Mechanical _
2009 1550 nm 400 ps 3.33 MHz EYDFA  20.2 W i >60%  0.8-4.0  10.5 52.0 [58]
splice
90%
Mechanical @1.15 W,
2013 1960 nm  26.7 ps 29.4 MHz LMA-TDFA 31,5 w Viechanical € N 1.9-4.3 13 4.3 [59]
splice 66 %
@31.5 W
Mechanical
2014 2.0-2.5 pm SM-TDFA CRAMEET 0% 1.9-3.5  16.2 - [74]
splice
. Mechanical
2014 1963 nm 24 ps 93.6 MHz SM-TDFA 42 W i 70%-80% 1.9-3.8 21.8 51.9 [60]
splice
Fusion
2016 1950 nm  12.6 ps 75.4 MHz LMA-TDFA 16.3 W i 80.2% 1.9-4.1 10. 67 65.3 [61]
splice
Fusion
2017 2.0-2.7 pm 1 ns 6 MHz LMA-TDFA 30.1 W I 1.9-4.25 15.2 50.5 [62]
splice
Fusi 94,49
2019 1.9-2.6 yum 3ns 3 MHz SMETDFA 419w o8 A 19335 30,0 73.1  [57]
splice @2000 nm
Fusi 94, 2°
2020 2.0-2.6 pm  1ns 3 MHz, SMCTDFA 37.9w  Fusion  9L2W g0 og 506 54.3  [57]
splice @2000 nm

5 FF ZBLAN Y4t Kav i) 3~
5 pm W B R DR 1 S Ot A
6t T TC U AR 2% M 6 4T 1 75 T 2 v 4T S i

LRI, M T RME K Z AT 2.5 um B

T B AE I A LT S S S O 1 5 R o 1)

KB 7 T A R RS e R 3 4 e S T A

2~3 pm % BEAEAE MY W BB R BB A .3 e 1 I

S8 WA B TR b e — R B3 60% . FIFH 3 pm

W B Ik SO £ BT A U8 ZBLAN 6 2F i

B TR B 2 7 A A T 5 O S 1 K
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—0.30mW (OW)

2 —1.47mW (0.08W)
a —11.0mW (035W)
g -lor ~=35.0mW (0.90W)
= b= 55.5mW (1.42W)
[} —77.5mW (1.95W)
£ =20 =154 mW (3.40W)
g8

Amplifier Lz

Output H 300
o

Ty B A RO
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BeBEh 400 ps, Bk ipE G RN 2 kHz, FH IR N
2 mW, FP#tadEsEila it Er « ZBLAN Ok
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BT BT Lt s ol 820, TR FH 52 IR T ik
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Fig. 13 Er’" :ZBLAN fiber amplifier™™ . (a) Layout of experimental setup; (b) spectral characteristics of SC laser
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KA ANy 485 mW By H 2T AN i 2235 0O L il
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Fig. 14 Output spectra for different Er'" : ZBLAN fiber
lengths™
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Fig. 15 Ho’" :ZBLAN fiber amplifier"™ . (a) Layout of experimental setup; (b) SC spectra
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Fig. 16 Output spectra of MIR-SC laser based on
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Fig. 17 Er®" :ZBLAN all-fiber amplifier™ . (a) Layout of experimental setup; (b) SC spectral evolution
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F 4 HTFIEBI InF, LA ESIEHER NS

Table 4 Parameters of SC lasers based on undoped InF; fibers

Seed Output

SC characteristic

Pulse " Core . .
v laser it Amplifier Pump power di ter / Coupling 20 dB Ref
a ition iam - ¥ .
car pulse repe . © type wavelength  of fiber ameter method spectral Power / Conversion ¢
; m S ..
duration rate amplifier # range /pm W efficiency /%
i . Lens
2013 70 fs OPA 3.4 pm 16 . 2.7-4.7 0.0001 - [89]
coupling
Lens
ounli
2016 400 ps 2 kHz EDZFA 2.7-3.1 pym 21.8 mW  13.5 “Of“p,mg/ 2.5-5.3  0.008 37.4 [93]
usion
splice
. Lens _
2016 70 ps 1 kHz OPG 2.02 pm 9 . 1.9-5.3  0.008 - [40]
coupling
Lens
ounli
2018 400 ps 20 kHz EDZFA 10 coupling/ ) 7o < 4o 0.145 - [65]
fusion
splice
Lens
2015 100 fs 50 MHz TDFA 1.9-2.2 pm 570 mW 7 125-4.20 0.25 43,9 [91]
coupling
Mechanical
2018 50 ps 1 MHz TDFA 1.9-2.7 pm 2.3 W 9.5 i 1.7-4.9 1.0 43.5 [94]
splice
2018 1ns 100 kHz TDFA 2.0-2.7 pm 2.27 W 75 Fusion 1.60-5.07 1.35 59.5 [88]
1 ns 1 MHz TDFA 2.0-2.7 pm 6.41 W ’ splice 2.0-4.8 4.06 63.3
Lens
2018 35ps 1MHz TDFA 1950 nm  6.36 W 9 M 0.75-4.9 176 27.7 [95]
coupling
Lens
2019 400 ps 200 kHz TDFA 1960 nm 4.9 W 7.5 M 1.90-4.65 3 60 [96]
coupling
Lens .
2020 90 ns 60 kHz TDFA 2 pm 15 W 7.5 . 2.0-3.9 7 46.7 [97]
coupling
Fusi
2019 60 ps 33 MHz TDFA  2pum W 15 e 185453 113 66.5  [98]
splice
Fusion
2020 lns 1.5 MHz TDFA 2.0-2.7pum 18.3 W 7.5 I 1.96—4.77 11.8 64.5 [82]
splice

2016 4F, Gauthier 29 P — A dE& M EX°T +
ZBLAN SCEF R ZRAE A InF, Yo £F B9 2 W I 24 5%
T Ik e ) A O S OGSy 2. 6~3. 1 pm B, AT
SEHOCTE A S 2. 4~5. 4 pm (98 % S35
L %N 8 mW, [A4E, Michalska 27 D)oY
Zrag R A R K e AR — B 9 m K
InF, JG£F, 3015 TORIE A m W Fl oy 1. 9~5. 25 pm
(i 2 Ah R 3 B2k WO, R IR 7.8 mW,
2018 4, Gauthier 25 YE SCHR (93 By JL Al b XF S2 36
REEMAT TG E—BRKERN 14 m FIEEHRRN
11~12 pm By InF, P RE TEH RN
145 mW [y 2. 6~5. 4 pm PLLAMBE LG EOE . %
IR R, AR LM LT S i B B A S e, =5 By
HEE 1 €0 TIOR8 1 22 1 O O 1 v A 1 5 e AN
A2 5 24 B ASE A A3 1 O i R R S A

A~ ZDW B}, B R AE SR — A ZDW 2l HE AL JE AR
— AR R TG RS B
BN RGN T InF, A hashid
SO IR A TR R A R UR . 2018 4R,
Liang %" F IR N H T LN 2 pm B
Fe R YCLT WOE A InF, YL RSB T O B 55 3
B} 0.75~5.1 pm SFEH RN 1,76 W 21 4k
RSO . FEAE S b L S R A R A e 4L
A % SO 6 1% 43 0 an 1B 18 (a) L (b) I,
RIS — 4 TAEB K 1950 nm (94 25 IF
SFEWOE A MPUGL TDFA . 53 6 4 ik o 58 1 A
35 ps, ko B E M E N 1 MHz, F ¥ 3 £ h
10.34 W, ZEKEHN 10 m FEHBEHN 9 pm
InF, JGEF i, 3R 15 10 8 3% 22 3% 0O (1 6 3 0 1B
0.75~5.1 pm, FIIHEK 1.76 W, H KK
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Fig. 18 0.75-5.1 pm SC laser™ . (a) Layout of experimental setup; (b) SC spectra

F 2900 nm HI 3500 nm AY 3% 55 1 T R 43 51 K
0.56 W 1 0.33 W, iy if 51 £ FR ] 7 8 3% 2315 7 44
i ik — 827t .

2018 4F WS H i T3 F 2~2.5 pm WHIELE
BEWOE AW IR A InF, 627 i 6 1% S 48 7 rh 21 h
SO . TR ST P S TR A A Tk
TAEPE AR 1550 nm, ik o 55 B Fn ik oh 55 & 451 R 4y
Sk 50 ps M1 MHz, i3 U1 f AL #2057 X
¥ TDFA B 1. 9~2. 7 pm #8342 3% 380 ik v
A IE InF, JG2F . (KT ut R4 s R T ik 80%,
EEhFRE LR FTHRE 60%. MFR &K% LK T
TDFA 956 % J2 5 A I 1 4 8 B4R A 38 i,
MW OC TR IB B R (A 2. 3 W BT, SEHL W % 2L
TEROE IS TR 100 W, O i B 5 oA
1.0~5.0 pm,20 dB G REI 1. 7~4. 9 pm,

AT BT A - AR YO I BOR

(@) =
1550 nm SMF SM-TDFA =
ns laser
MFA 5°
InF3 fiber

EYDFA

Bl 19 JEF InF, JGLF i B 9O % S o 90 30

Fig. 19 Experiment of watt level SC laser based on InF; fiber

2019 4E W5 F 8 T LA 2 o 9% BE W45 B0
LR RGN VRN 1. 9~4. 65 pm FLL I
HELETEOGES o S K P Y bk e SE B Ol 400 ps, B
SN 200 kHz, 301 35 55 41K 22 T ok il DA 3
IR G HE InF, 64, MR IIRRL 4.9 W,
£ 60 m KM InF, LRl 66 T 20 dB GG (AN
2 pm Kb FEH O B FR AR AR JE I Ry 1. 9~ 4. 65 pm.,

(b) 10| T T T T T T

Power spectral Densit
(d Y

THRT 2~2.5 pm @IELIEROCAE W E A InF, St
£ A A ARG 1 S JH R op 2T SRR SR O .
BT Y S 0 2R R B B 2 O n eI an 19
FR o SR A AL OC A IE R RSB T R
WOG I = RORR A H5 452 sU7E 2000 nm &b FY I 422 401
FEAL N 0.07 dB, 15 % T 80 % | i Al ¢ Pk 09 06 il
B M £ B ZBLAN 6 £F 3 i, 75 5= Wl o R oA
2.27 W, SEH T OGTE R 1. 5~5. 2 pm(20 dB
JEIEIEREI A 1. 6~5.07 pm) FH IR K 1.35 W
(0 21 AN R % 2L 1% O D R AR 59. 5%,
£ 10 min /YT FR0 0 M i o L 3208 3% 2 O A%
(D) RAFE B (B 7 B AR 0. 32% . Z#F 5T %
B, R ORI ST OE R A rT DL B B 4R O S
G2 2y 25 s e oFe 14 R AR A0 A W T B /N Al
LM CET R A o 1) A B R T A B TR L A
O 7R G0 D) R HOK - .

—100kHz: 1.35 W (2.27 W)
=1 MHz: 4.06 W (6.41 W)

9

o
T

H o
T T

20-dB LWE: 4800 nm|

Bm/nm)
& 3

r

(2]
T

Noise Floor

20-dB LWE: 5070 n
Noise FIoOr = =imimimimimimim M

25+

w
o

. 1 1 1 1 1 1 1 1 1 1
1600 2000 2400 2800 3200 3600 4000 4400 4800 5200
Wavelength (nm)

() 258 ; (b) % 28 i Oe ot s

B (a) Experimental setup; (b) SC laser spectra

)k 3 W) i 21 A1 8 % 22 15 0 D) R 5 i 0%
N 60 %% 8 S WOE R OGIE A 20 Fs

J T T InF, SGEFHi Y 8 O 220 O 7
BTy 3% A4 R 2 e U BB R DO 4T %
JENTR L 45 A A PE-InF, L IE . H R I InF, YE4F
5 B AR W InF, 36 b 20 AR % 2235 06 B9 38
DR TE 11,3 W SI3CHRC95 AL, th T %

0101001-14



F£49% F1H/2022 £ 1 A/HERHE

WOLM MK S InF, L4 ny ZDW &, R Ik 3645 19
L 22 O Y O S A JE R I O T 3 B
WRGE OCRETEE 0. 8~4. 7 pm, Gk & 21
B,

e 3\
10000 r T r : T —2,5W|
— 1,3W|
1000 1
g 100
E }
m
I 10 1
oy
:
1
e 1
0,14
4
0,01 }

S0 200 20 3000 30 4000 4300 5000
Wavelength (nm)
[ 20 TnF, Y27 8 ik S5 O 19 6 3% b 52
E Sk

Fig. 20 Spectra of SC laser based on InF; fiber for

different pump powers™"

T —11.3W (17.0W)
s0r —Attenuation| | =

o 8 dB| 41 E
2 3
z . :
@ 2
2 10} |, 8
£ 20-dB spectral coverage: 401 c
2 1.85-4.53 um 47pm 2
£ o0 W <
1]
) W ’\va
o

1 1 1 1 1 1 1 1

-10 L 0.01
800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800
Wavelength (nm)

P21 1960 nm EAOLLFROLHE MR 10 W b2 sh
6 SO
Fig. 21 Spectra of 10 W level MIR SC laser pumped

by 1960 nm picosecond laser™™

2020 4F, Scurria 2577 58 1135 45 LI Q 145 T8
JE R 90 ns EEE M N 60 kHz 19 2 pm B EEH Q
BROMOE RS AR A ZE InF, 6Ll S TR IR N
7 W OEHERK PN 4.7 pm B LE RSO . 20 dB
LG 2. 0~3.9 pm. 32 PR T2 i U AR 10 ik
I ) 2R 328 2 S T O B9 R OGS A RS

J T HETE InFy 2R 3 v 20 40 3% S O 1
K FK 2020 4R ATRBA B Tk 1. 9~
2.6 pm HIELLTEBOCR IR, 78 InF, JGEF Pk 1S
TOCIETEE N 1.9~4. 9 pm FHIHRN 11.8 W
R o 1 2R 4 G A 6 3 SF JH TR op 2T A 3 S 3 0O
2k O O g | 22 B o™ . s
3.8 pm DI BIEBMOGIE S TR 2,18 W,
DI e 18. 5% . 1% Y1 R HUE W BT T 56 T 4K
BEHE G LT IRAT 1 [H] D BORR i 5% MOt Dl 5k .

EE 35 T T T T

330 f—1.5 MHz, 11.8 W (18.3 W)

b f= = =2MHz, 10.6 W (15.6 W)
L] = =3MHz, 11.7W (17.5W)

c

220}

[=

T 15}

g

*6 10

1]

Q5

(2]

[}] L

2 °

€ 5 . . . . . . . ;
E 1800 2200 2600 3000 3400 3800 4200 4600 5000

Wavelength (nm)
K 22 FHIRN 11.8 W B H LT S % 2238 O
DI R

Fig. 22 MIR-SC laser spectra for average power of 11.8 W'

M InF, JGEF 5 b 21 S5 3% 28 1% OG0 & R i
FERF RHDCA AR LM E W IFE S InF, Jb
21 (R I AR I 12 DL L AE InF, 62T it o ) 55 6 &1
Ui IR 9 5 0k © O InF, SR 58 & o) R rh 21 A i
SLAG OIS — 2D R T8 R PR 2R R S
FIREAR T B,
7 RETHAL T IRAE L M OL A Y 3~

5 pemn I B B A E 2E i O A

Br T iR TR AP C AR L i AR F SN R
I Al o 28 1% TG T A R 1 DG 2T, dn U R Eh 3 5
JELF BRI TY S E R YIE 3~5 pm
W B S S HOC ST B TR TAE . 2018 4,
Yao S HRIE T 3 T 23 MRS A 45 b R SRR R S
P I C LR 1 5 ) 3 b 40 A0 R E S O, TR
10,4 W,20 dB YIS S IEHE N 1. 8~3. 3 um,
TEZME T IR — A 2 pem B B W BEK ko 7
K(CPA) & G, Ji i IR 8 3 38 6 2F B 47 08 NA
0. 45 (LR B MK R 70TeO,-20BaF,-10Y,0,) » f fik
fERIRFE N 0.4 dB/m, 2019 4F, %0 58 41 4 52 56
SGERHEAT T O0AL BB TSR A i 2R O R A
A HAEERMAEL ML, LB T R R
19.6 W iy Hfr 21 51 8 % 22 35 0 . 6 i 2 5 v L ol
1~3.8 pm, B LEHOE R OGS BE D)2 0 1 Ak an
23 fis . A ANHIE 2 pm Ab 02 6 iR A R,
20 dBOGIEE ST HIN 1. 3~3. 4 pm"™,

TR BEIEVCELFAE 5 pm DL E 3 B ELA BAK Y $5
FEL WSS N DL B 2012 4R S0 TG EF A0 IR iR &R
PO T @ YR Gt DR e H 2 )L B
LT M S HOG B ZE 0  (E R S T AR 4R
FFE218 . 2021 4F, Yan &P 3EF 2~2.5 pm B
B % B2 OE 2% F1ZBLAN- As, S, 2% Bk AFE £t

0101001-15



S|49% £ 1 81/2022 £ 1 B/ EE

(a) SC output power /W
19.6

20}

—80 4 il " &u.‘. N .\WJ. N
1000 1500 2000 2500 3000 3500 4000
Wavelength /nm

& 23 G TR ER B OGET S i 19. 6 W P 2L AN iE 2
0 S 1 Sl e 107
Fig. 23 Spectra of 19.6 W MIR-SC laser based on

tellurite fiber™”

FARE T FHHFEN 113 W ORELE N 2~
6.5 pm(20 dBYGIE M FI R 2~6. 25 pm) iy L0 5k
P SO OEIE I 24 R, EBFREM L E
HES As, S, JELF BIR AR5 DL K As, Sy JEEF
Ui T B3 7 02 As, Sy D &F i v 21 41 8 3% 2 3%
TR A e 1y FE BB P

o 0.564W/1.21W
f—0.774W/2.13W
f—0.938W/3.97W
= 1L.130W/4.85W

Relative Intensity (dB)

[
S

2000 3000 4000 5000 6000 7000

Wavelength (nm)
Bl 24 HET As, Sy JGEF R TL G 410 A0 & 2135 oG &%
OB
Fig. 24 Spectra of watt-level SC laser based on As, S,

fiber™®

8 LEHIE

TARAE 3~5 pm P BLAY b 2041 3% 2535 0Ot
TEPRIE NI AR W) BT DN 22 T ok | [ By 22 4 45 A0 K
AAERWM AT . EFK,3~5 pm PBPar
SN E LR BOLR IS TR ER AR, JEER
kL H KRBT .

DL R SN T Y R SRR A W W | PR £
P BOGLFHOEHAR BB G 27 Ab B AR 1 A W A
Ji& LT ALY G LT 1Y b 21 A0 3 35O 2T OB A%
Y d DR AR AR T, H RS E 8 30 WHTL g o
ZLAMEETHOG B B9 e J A % 2235 WO 4% 7 SR 1Y
F5],3~5 pm B LLAI % S5 O6 LT UL AR Y
b R ik — 2R T

) R HACR B W . R R T I

IR 23 Tl A G 7 2RV e ) G 4 AL S B RE B i T
3% S O AR TR A R R 1 S . B i TR 6T
Fz N il 02 S AR A FE O R A B R 19 K R R A
FEGC LT B BT T 1 DL B Z2 0 B K I 208, 3% SR
WOt DR g R B e . B n, R TR
InF, Ye£F HOL K P R 5 pm 5 21 AR % 22
TEWOE I TR R B 423 60% . Al U1 L Bl
& LT A AT A i A0 RE 8 3 — 2 R AR S K Y
P L1 WPR AR AN A AE AR T 25 [

IR AW . 52 I EOER TARE M K
B0 OG5 A A R LT R T R e 4T A0 i
S5 L HOG 0 N 1 T 3 R BOTE R
T KA AEAE — ARG IG ARG . 768 % 2L Ok
TR A VRS L O % S 1H T vh 2T AN R 5 S 1 Ot
13T ) WA K OGRS LA 1Y T R L AR E B
WARTE . B KUK IR R & R O g R
CHG IS T IR A I T 25 L4 i — 2D Ak iy
HIETR <N

A) TR A T 1) T I HE R . O TR
LS LR WO B & R AR BT LR B B 5 AT
AL AR WK i 21 4 i ) 3 1 2215 OE 19 R
BRBEmKE MBS, N 1.5 pm HEEREE
2 pm B HF) 2~2.5 pm P B, HATHEHAZE 3 pm
W B, S A 1 3G KA ) 00N e 4y
LT AR S OGB4 b P R )
IR, AT DL, BT O ) Kk O ) 4
W AT AN % S R AR O SR 1 — B

A DVARE TEAS KR o i Dy 8 21 50 3% 232
TG AR OGRS 50 0 5 S ) S B N AR R AR

7 IR P R AR
2 X% X #

[1] Agrawal G P. Nonlinear fiber optics[M]. Amsterdam:
Academic Press, 2007.

[2] Hasegawa A. Generation of a train of soliton pulses
by induced modulational instability in optical fibers
[J]. Optics Letters, 1984, 9(7): 288-290.

[3] wvan Simaeys G E, Emplit P, Haelterman M.
Observation of modulational instability recurrence in
optical fibers[C]//Nonlinear Guided Waves and Their
Applications, March 26, 2001, Clearwater, Florida.
Washington, D.C.: OSA, 2001: WB5.

[4] Alfano R R, Shapiro S L. Observation of self-phase
modulation and small-scale filaments in crystals and
glasses[J]. Physical Review Letters, 1970, 24(11):
592.

0101001-16



S|49% £ 1 81/2022 £ 1 B/ EE

(5]

7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

Ippen E P, Shank C V, Gustafson T K. Self-phase
modulation of picosecond pulses in optical fibers[J].
Applied Physics Letters, 1974, 24(4): 190-192.

Stolen R H, Lin C. Self-phase-modulation in silica
optical fibers[J]. Physical Review A, 1978, 17(4):
1448-1453.
Genty G,

cross-phase modulation on supercontinuum generated

Lehtonen M, Ludvigsen H. Effect of
in microstructured fibers with sub-30 fs pulses[J].
Optics Express, 2004, 12(19): 4614-4624.

Agrawal G P, Baldeck P L., Alfano R R. Modulation
instability induced by
optical fibers[J]. Physical Review A, 1989, 39(7):
3406-3413.

Coen S, Chau A H L,

Supercontinuum generation by

cross-phase modulation in

Leonhardt R, et al.
stimulated Raman
scattering and parametric four-wave mixing in
photonic crystal fibers [J]. Journal of the Optical
Society of America B, 2002, 19(4): 753-764.
Dianov E M, Bufetov I A, Mashinsky V M, et al.
Raman fibre lasers based on heavily GeO,-doped
fibres[J]. Quantum Electronics, 2005, 35(5): 435-
441.

Chen H W, Jin AJ, Yang W Q, et al. Generation of
a compact high-power high-efficiency normal-
dispersion pumping supercontinuum in silica photonic
crystal fiber pumped with a 1064-nm picosecond pulse
[J]. Chinese Physics B, 2013, 22(6): 064211.
Yatsenko Y P, Pryamikov A D, Mashinsky V M, et
al. Four-wave mixing with large Stokes shifts in
heavily Ge-doped silica fibers [J]. Optics Letters,
2005, 30(15): 1932-1934.

Kudlinski

Experimental investigation of combined four-wave

A, Pureur V, Bouwmans G, et al.

mixing and Raman effect in the normal dispersion
regime of a photonic crystal fiber[J]. Optics Letters,
2008, 33(21): 2488-2490.

Li Y, Hou J, Jiang Z F, et al. Cascaded four-wave
mixing generation with hybrid pump [C] // Advanced
Solid-State Lasers Congress, October 27-November
1, 2013, Paris, France. Washington, D.C.: OSA,
2013: JTh2A.03.

HouJ, Li Y, Leng J Y, et al. Cascaded four-wave
mixing generation in photonic crystal fibers [J].
Applied Physics B, 2013, 113(4): 611-618.
Sorokina I T, Dvoyrin V V, Tolstik N, et al. Mid-IR
ultrashort pulsed fiber-based lasers[J]. IEEE Journal
of Selected Topics in Quantum Electronics, 2014, 20
(5): 99-110.

Tang Y X, Wright L. G, Charan K, et al. Generation

of intense 100 fs solitons tunable from 2 pm to

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

0101001-17

4.3 pm in fluoride fiber [J]. Optica, 2016, 3(9):
948-951.

Dudley ] M, Taylor J] R. Supercontinuum generation

in optical fibers [ M ]. Cambridge: Cambridge
University Press, 2009.
Mandon J, Guelachvili G, Picqué N. Fourier

transform spectroscopy with a laser frequency comb
[J]. Nature Photonics, 2009, 3(2): 99-102.
Keilmann F, Gohle C, Holzwarth R. Time-domain
frequency-comb [J7.
Optics Letters, 2004, 29(13): 1542-1544.

A, Brehm M, Keilmann F, et al.

mid-infrared spectrometer
Schliesser

Frequency-comb infrared spectrometer for rapid,
remote chemical sensing[J]. Optics Express, 2005,
13(22): 9029-9038.

Udem T. Frequency comb benefits [J].
Photonics, 2009, 3(2): 82-84.

Picqué N, Hénsch T W. Frequency comb spectroscopy
[J]. Nature Photonics, 2019, 13(3): 146-157.
Kaminski C F, Watt R S, Elder A D, et al.
Supercontinuum radiation for applications in chemical

Applied Physics B,

Nature

sensing and microscopy [ J].
2008, 92(3): 367-378.
Kasparian J, Rodriguez M, Me jean G, et al. White-
light filaments for atmospheric analysis[J]. Science,
2003, 301(5629): 61-64.

Kumar M, Islam M N, Terry F L, et al. Stand-off
solid with diffuse

using a high-power

detection of targets reflection

spectroscopy mid-infrared
supercontinuum source[ J]. Applied Optics, 2012, 51
(15): 2794-2807.

Cezard N, Dobroc A, Canat G, et al. Supercontinuum
laser absorption spectroscopy in the mid-infrared
range for identification and concentration estimation
of a multi-component atmospheric gas mixture [J].
Proceedings of SPIE, 2011, 8182: 81820V.

Th Bekman H H P, van den Heuvel J C, van Putten
F J M, et al. Development of a mid-infrared laser for
study of infrared countermeasures techniques [J].
Proceedings of SPIE, 2004, 5615: 27-38.

Méjean G, Kasparian J, Salmon E, et al. Towards a
supercontinuum-based infrared lidar [ J]. Applied
Physics B, 2003, 77(2/3): 357-359.

Israelsen N M, Petersen C R, Barh A, et al. Real-
time high-resolution mid-infrared optical coherence
tomography [J]. Light, Science &. Applications,
2019, 8: 11.

Labruyere A, Tonello A, Couderc V, et al. Compact
supercontinuum  sources and their  biomedical
applications[J]. Optical Fiber Technology, 2012, 18

(5): 375-378.



S|49% £ 1 81/2022 £ 1 B/ EE

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Seddon A B. Potential for using mid-infrared light for
non-invasive, early-detection of skin cancers in vivo
[J]. Proceedings of SPIE, 2013, 8576: 85760V.
Borondics F, Jossent M, Sandt C, et al. Supercontinuum-
based Fourier transform infrared spectromicroscopy
[J]. Optica, 2018, 5(4): 378-381.

Gasser C, Kilgus J, Harasek M, et al. Enhanced
mid-infrared multi-bounce ATR spectroscopy for

online detection of hydrogen peroxide using a
supercontinuum laser[J]. Optics Express, 2018, 26
(9): 12169-12179.

Mikkonen T, Amiot C, Aalto A, et al. Broadband
cantilever-enhanced photoacoustic spectroscopy in the
mid-IR using a supercontinuum[]J]. Optics Letters,
2018, 43(20): 5094-5097.

Alexander V V, Kulkarni O P, Kumar M, et al.
Modulation instability initiated high power all-fiber
supercontinuum lasers and their applications [J].
Optical Fiber Technology, 2012, 18(5): 349-374.
Yang L Y, Zhang B, Yin K, et al. 0.6-3.2 pm
supercontinuum generation in a step-index Germania-
core fiber using a 4.4 kW peak-power pump laser[J].
Optics Express, 2016, 24(12): 12600-12606.

Qi X, Chen S, Li Z,

enhanced all-fiber supercontinuum generation in a

et al. High-power visible-
seven-core photonic crystal fiber pumped at 1016 nm
[J]. Optics Letters, 2018, 43(5): 1019-1022.
Hagen C L, Walewski ] W, Sanders S T. Generation
of a continuum extending to the midinfrared by
pumping ZBLAN fiber with an ultrafast 1550-nm
source [ J]. TEEE Photonics Technology Letters,
2006, 18(1): 91-93.

Michalska M, Mikolajczyk J, Wojtas J, et al. Mid-
infrared,

supercontinuum  generation

band
fluoroindate fibre pumped with picosecond pulses[]J].
Scientific Reports, 2016, 6: 39138.

Yin K, Zhu R Z, Zhang B, et al.

brightness,

super-flat,

covering the 2-5 pum spectral using a

Ultrahigh-

spectrally-flat,  short-wave infrared
supercontinuum source for long-range atmospheric
applications [ J]. Optics Express, 2016, 24 (18):
20010-20020.
Swiderski J.

sources: current status and future perspectives [J].

High-power mid-infrared supercontinuum

Progress in Quantum Electronics, 2014, 38(5): 189-
235.

Wang J S, Vogel E M, Snitzer E. Tellurite glass: a
fiber devices [ ] ].
Materials, 1994, 3(3): 187-203.

Kumar V V R K, George A K, Knight J C, et al.
Tellurite photonic crystal fiber[J]. Optics Express,

new candidate for Optical

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

0101001-18

2003, 11(20): 2641-2645.

Domachuk P, Wolchover N A, Cronin-Golomb M, et al.
Over 4000 nm bandwidth of mid-IR supercontinuum
of highly
nonlinear tellurite PCFs[J]. Optics Express, 2008,
16(10): 7161-7168.

Lin A X, Zhang A D, Bushong E J, et al. Solid-core
fiber for
applications [ J]. Optics Express, 2009,
16716-16721.

generation in sub-centimeter segments

and nonlinear

17 (19):

tellurite glass infrared

Kanamori T, Sakaguchi S. Preparation of elevated
NA fluoride optical fibers [J]. Japanese Journal of
Applied Physics, 1986, 25(6): L468-L470.

Carter S F, Williams J R, Moore M W, et al.
Prospects for ultra-low-loss fluoride fibres at BTRL
[J]. Journal of Non-Crystalline Solids, 1992, 140:
153-158.

Massicott ] F, Brierley M C, Wyatt R, et al. Low
threshold, diode pumped operation of a green, Er’’
doped fluoride fibre laser [J]. Electronics Letters,
1993, 29(24): 2119-2120.

Adam ] L.
fundamentals and applications[J]. Journal of Fluorine
Chemistry, 2001, 107(2): 265-270.

Bei ] F, Monro T M, Hemming A, et al. Reduction
of scattering loss in fluoroindate glass fibers [J].
Optical Materials Express, 2013, 3(9): 1285-1301.

Vasil’Ev A V, Devyatykh G G, Dianov E M, et al.
chalcogenide-glass fibers
optical below 30 dB/km [J].
Electronics, 1993, 23(2): 89-90.

Hilton A R, Kemp S.
New York: McGraw-Hill,

Fluoride glass research in France:

Two-layer optical with

losses Quantum
Chalcogenide glasses for
infrared optics [ M ].
2010.

Tao G M, Ebendorff-Heidepriem H, Stolyarov A M,
et al. Infrared fibers [J]. Advances in Optics and
Photonics, 2015, 7(2): 379-458.

Martinez R A, Plant G, Guo K W, et al. Mid-infrared
supercontinuum generation from 1.6 pm to > 11 pm
using  concatenated  step-index  fluoride  and
chalcogenide fibers[J]. Optics Letters, 2018, 43(2):
296-299.

Yan B, Huang T, Zhang W, et al. Generation of
Watt-level supercontinuum covering 2-6.5 pm in an
all-fiber structured infrared nonlinear transmission
system [J]. Optics Express, 2021, 29 (3): 4048-
4057.

Yang L Y, Li Y, Zhang B, et al. 30-W supercontinuum
generation based on ZBLAN fiber in an all-fiber
configuration[]J|. Photonics Research, 2019, 7(9):

1061-1065.



S|49% £ 1 81/2022 £ 1 B/ EE

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[66]

[67]

[68]

[69]

[70]

Xia C N, Xu Z, Islam M N, et al. 10.5 W time-
averaged power mid-IR supercontinuum generation
extending beyond 4 pm with direct pulse pattern
modulation[J]. IEEE Journal of Selected Topics in
Quantum Electronics, 2009, 15(2): 422-434.

Yang W, Zhang B, Xue G, et al. Thirteen watt all-
fiber mid-infrared supercontinuum generation in a
single mode ZBLLAN fiber pumped by a 2 pm MOPA
system [J]. Optics Letters, 2014, 39 (7): 1849-
1852.

Liu K, Liu J, Shi H X, et al. High power mid-
infrared supercontinuum generation in a single-mode
ZBLAN fiber with up to 21. 8 W average output
power[J]. Optics Express, 2014, 22(20): 24384-
24391.

Zheng Z ], Ouyang D Q, Zhao ] Q, et al. Scaling all-
fiber mid-infrared supercontinuum up to 10 W-level
based on thermal-spliced silica fiber and ZBLLAN fiber
[J]. Photonics Research, 2016, 4(4): 135-139.

Yin K, Zhang B, Yang L, et al. 15.2 W spectrally
flat all-fiber supercontinuum laser source with >1 W
power beyond 3.8 pm[]J]. Optics Letters, 2017, 42
(12): 2334-2337.

Yao C F, Jia Z X, Li Z R, et al. High-power mid-
infrared supercontinuum laser source using f{luorotellurite
fiber[J]. Optica, 2018, 5(10): 1264-1270.

Gauthier ] C, Fortin V, Duval S, et al. In-amplifier
mid-infrared supercontinuum generation [ J]. Optics
Letters, 2015, 40(22): 5247-5250.

Gauthier J] C, Robichaud L R, Fortin V, et al. Mid-
infrared supercontinuum generation in fluoride fiber
amplifiers: current status and future perspectives[J].
Applied Physics B, 2018, 124(6): 1-14.

Yang L. Y, Zhang B, Yin K, et al. Spectrally flat
supercontinuum generation in a holmium-doped
ZBLAN fiber with record power ratio beyond 3 pm
[J]. Photonics Research, 2018, 6(5): 417-421.
Yang I. Y, Zhang B, Wu T Y, et al. Watt-level mid-
infrared supercontinuum generation from 2.7 pm to
4.25 pm in an erbium-doped ZBLAN fiber with high
slope efficiency [J]. Optics Letters, 2018, 43(13):
3061-3064.

Xia C N, Kumar M, Kulkarni O P, Mid-

infrared supercontinuum generation to 4. 5 pum in

et al.

ZBLAN fluoride fibers by nanosecond diode pumping
[J]. Optics Letters, 2006, 31(17): 2553-2555.
Swiderski J, Michalska M. High-power supercontinuum
generation in a ZBLAN fiber with very efficient power
distribution toward the mid-infrared [J].
Letters, 2014, 39(4): 910-913.

Duhant M, Renard W, Canat G, et al. Improving

Optics

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

0101001-19

mid-infrared supercontinuum generation efficiency by
pumping a fluoride fiber directly into the anomalous
regime at 1995 nm[C] /2011 Conference on Lasers
and Electro-Optics
Quantum Electronics Conference (CLEO EUROPE/
EQEC), May 22-26, 2011, Munich, Germany. New
York: IEEE Press, 2011.

Eckerle M, Kieleck C,

Q-switched and mode-locked Tm®" -doped silicate

Europe and 12th European

swiderski J, et al. Actively

2 pm fiber laser for supercontinuum generation in
fluoride fiber[J]. Optics Letters, 2012, 37(4): 512-
514.

Yang W, Zhang B, Yin K, et al. High power all
fiber mid-IR supercontinuum generation in a ZBLLAN
fiber pumped by a 2 pm MOPA system [J]. Optics
Express, 2013, 21(17): 19732-19742.

Kulkarni O P, Alexander V V, Kumar M, et al.
Supercontinuum  generation from ~1.9 pm to
4.5 pm in ZBLAN fiber with high average power
generation beyond 3. 8 pm using a thulium-doped
fiber amplifier[J]. Journal of the Optical Society of
America B, 2011, 28(10): 2486-2498.

Liu J, Liu K, Shi H X, et al. High-power all-fiber
mid-infrared source [ ] .
Chinese Journal of Lasers, 2014, 41(9): 0902004 .
XL, XVE, WLLR, &%, R 0e b0 f %
SO IR L] . P EBOE, 2014, 41(9): 0902004,
Yin K, Zhang B, Yao J,

monolithic,

supercontinuum  laser

et al. Highly stable,
singlemode mid-infrared supercontinuum
source based on low-loss fusion spliced silica and fluoride
fibers[J]. Optics Letters, 2016, 41(5): 946-949.
Yang L. Y, Zhang B, He X, et al. 20. 6 W mid-
infrared supercontinuum generation in ZBLAN fiber
with spectrum of 1. 9—4. 3 um [J]. Journal of
Lightwave Technology, 2020, 38(18): 5122-5127.
Qin G S, Yan X, Kito C, Ultrabroadband
supercontinuum  generation ultraviolet  to
6.28 pm in a fluoride fiber [J]. Applied Physics
Letters, 2009, 95(16): 161103.

Abeeluck A K, Headley C, Jorgensen C G. High-

et al.

from

power  supercontinuum  generation in  highly
nonlinear, dispersion-shifted fibers by use of a
continuous-wave Raman fiber laser [J]. Optics

Letters, 2004, 29(18): 2163-2165.
Xia C N, Kumar M, Cheng M Y, et al.
Supercontinuum generation in silica fibers by
amplified nanosecond laser diode pulses [J]. IEEE
Journal of Selected Topics in Quantum Electronics,
2007, 13(3): 789-797.

Liu K, LiuJ, Shi H X, et al. 24.3 W mid-infrared
from a

supercontinuum generation single-mode



S|49% £ 1 81/2022 £ 1 B/ EE

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

ZBLAN fiber pumped by thulium-doped fiber
amplifier [ C] // Advanced Solid State Lasers,
November  16-21, 2014, Shanghai, China.

Washington, D.C.: OSA, 2014: AM3A.6.

Cozic S, Boivinet S, Pierre C, et al. Splicing fluoride
glass and silica optical fibers [J]. EP] Web of
Conferences, 2019, 215: 04003.

Yang 1., Zhang B, He X, et al. High-power mid-
infrared supercontinuum generation in a fluoroindate
fiber with over 2 W power beyond 3.8 um[J]. Optics
Express, 2020, 28(10): 14973-14979.
Faucher D, Bernier M, Androz G,
passively cooled single-mode all-fiber laser at 2.8 pm
[J]. Optics Letters, 2011, 36(7): 1104-1106.
Fortin V, Bernier M, Bah S T, et al. 30 W fluoride

et al. 20 W

glass all-fiber laser at 2. 94 pm[J]. Optics Letters,
2015, 40(12): 2882-2885.

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

Aydin Y O, Maes F, Fortin V, et al. Endcapping of
high-power 3 pm fiber lasers [J]. Optics Express,
2019, 27(15): 20659-20669.

Deng K X, Yang L Y, Zhang B, et al. Mid-infrared
supercontinuum generation in an all-fiberized Er-
doped ZBLAN fiber amplifier [J]. Optics Letters,
2020, 45(23): 6454-6457.

Yang L., Zhang B, Jin D, et al. All-fiberized, multi-
watt 2—5-pm supercontinuum laser source based on
fluoroindate fiber with record conversion efficiency
[J]. Optics Letters, 2018, 43(21): 5206-5209.
Théberge F, Daigle J F, Vincent D, et al. Mid-
infrared supercontinuum generation in fluoroindate
fiber[J]. Optics Letters, 2013, 38(22): 4683-4685.
Swiderski J, Michalska M, Kieleck C, et al. High
power supercontinuum generation in fluoride fibers
pumped by 2 pm pulses [J]. IEEE Photonics
Technology Letters, 2014, 26(2): 150-153.

Salem R, Liu D, Mid-infrared

supercontinuum generation spanning 1. 8 octaves

Jiang Z, et al.

using step-index indium fluoride fiber pumped by a

femtosecond fiber laser near 2 pm [J]. Optics
Express, 2015, 23(24): 30592-30602.
Michalska M, Grzes P, Hlubina P, et al. Mid-

infrared supercontinuum generation in a fluoroindate
fiber with 1. 4 W time-averaged power [J]. Laser
Physics Letters, 2018, 15(4): 045101.

[93]

[94]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

0101001-20

Gauthier J C, Fortin V, Carrée J Y, et al. Mid-IR
supercontinuum from 2.4 pm to 5.4 pm in a low-
loss fluoroindate fiber[J]. Optics Letters, 2016, 41
(8): 1756-1759.

Théberge F, Bérubé N, Poulain S, et al. Watt-level
and spectrally flat mid-infrared supercontinuum in
fluoroindate fibers[J]. Photonics Research, 2018, 6
(6): 609-613.

Liang SJ, Xu L, Fu Q, et al. 295-kW peak power
picosecond pulses from a thulium-doped-fiber
MOPA and the generation of watt-level >2.5-
octave supercontinuum extending up to 5 pm/[J].
Optics Express, 2018, 26(6): 6490-6498.
Yehouessi ] P, Vidal S, Carrée J Y, et al. 3 W
Mid-IR supercontinuum extended up to 4. 6 pm
based on an all-PM thulium doped fiber gain-switch
laser seeding an InF, fiber[J]. Proceedings of SPIE,
2019, 10902: 1090207.

Scurria G, Manek-Hénninger 1, Carré J Y, et al.
7 W mid-infrared supercontinuum generation up to
4.7 pm in an indium-fluoride optical fiber pumped
by a high-peak power thulium-doped fiber single-
oscillator[J]. Optics Express, 2020, 28(5): 7672-
7677.

WuT Y, Yang L Y, Dou Z Y,

efficient, 10-watt-level mid-infrared supercontinuum

et al. Ultra-
generation in fluoroindate fiber[J]. Optics Letters,
2019, 44(9): 2378.

JiaZ X, Yao CF, Li ZR, et al. Progress on novel
high power mid-infrared fiber laser materials and
laser [ J].
Lasers, 2019, 46(5): 0508006.

AW, Wik, FHE, F. OB &R P as
JCEFHOGH B 7 Sl WO R R L] b
%, 2019, 46(5): 0508006.

Gattass R R, Brandon Shaw L, Nguyen V Q, et al.
All-fiber

supercontinuum

supercontinuum Chinese Journal of

mid-infrared

Fiber

chalcogenide-based
L]
Technology, 2012, 18(5): 345-348.
Théberge F, Bérubé N, Poulain S, et al. Infrared
supercontinuum generated in concatenated InF, and
As, Se, fibers[J]. Optics Express, 2018, 26 (11):
13952-13960.

Robichaud L R, Duval S, Pleau L P, et al. High-

supercontinuum generation in the

source Optical

power mid-
infrared pumped by a soliton self-frequency shifted

source[J]. Optics Express, 2020, 28(1): 107-115.



S|49% £ 1 81/2022 £ 1 B/ EE

Progress on High-Power Supercontinuum Laser Sources at 3-5 pm

Yang Linyong"*®, Zhang Bin"**, Hou Jing"**
" College of Advanced Interdisciplinary Studies, National University of Defense Technology, Changsha,
Hunan 410073, China;
* State Key Laboratory of Pulsed Power Laser Technology, Changsha, Hunan 410073, China;
® Hunan Provincial Key Laboratory of High Energy Laser Technology, Changsha, Hunan 410073, China

Abstract High-power mid-infrared supercontinuum (MIR-SC) lasers ranging 3—5 pm find important applications in
the fields of environmental monitoring, bio-medicine, metrology, national security, and etc. Fibers have been
serving as popular nonlinear media for SC generation due to the merits of large nonlinear coefficients, long effective
nonlinear interaction lengths, feasible structures, and being suitable for all-fiber integration. In recent years, new
schemes for fiber-based MIR-SC lasers have been developed and the performance of such MIR-SC lasers has been
significantly promoted along with the progress in the techniques of fiber-based pump lasers and fabrication/post-
treatment of mid-infrared fibers. In this paper, the current status of fiber-based MIR-SC lasers covering the 3—5 pm
region is reviewed and the future development is prospected.

Significance Compared with traditional broadband light sources such as halogen light sources, the SC lasers have
good spatial coherence and high brightness. In addition, different from the traditional lasers with high
monochromaticity, the SC lasers have both a wide spectral range and high spatial coherence. It has become the
unremitting pursuit of researchers to obtain SC lasers with high powers and wide spectra. In the past decade, the
MIR-SC laser sources have been developed rapidly. Parameters including output power and spectral range are
constantly improved. However, there are still some unfavorable factors that limit the development of MIR-SC lasers.
It is meaningful for the further development of MIR-SC lasers to make a systematic summary of the development
status and analyze the developing trend of MIR-SC lasers.

Progress In this paper, the characteristics of MIR-SC lasers are first introduced, and then the mid-infrared fibers
are introduced. Next, the development statuses of mid-infrared SC lasers based on passive ZBLAN fibers, active
ZBLAN fibers, passive InF, fibers, and other nonlinear fibers are introduced in turn. Herein, the state-of-the-art
research results of MIR-SC lasers are reviewed. Finally, the development trend of mid-infrared SC lasers is
prospected.

Conclusions and Prospects High-power SC laser sources have a variety of potential applications including active
hyperspectral imaging, long-range environmental sensing, homeland security, and so on. The growing trends of
MIR-SC lasers are mainly listed as below.

1) Output power is increasing. With the technological development of near-infrared and short-wave infrared
fiber lasers and soft glass fiber processing, the output powers of mid-infrared SC fiber lasers based on fluoride fibers
have been continuously improved to 30 W. With the development of mid-infrared fiber laser technology and the
demand for SC lasers, the output powers of 3—5 pm mid-infrared SC fiber lasers should be further improved.

2) Power conversion efficiency is gradually improved. In the early research, the inefficient spatial coupling and
high fiber transmission loss limit the improvement of power conversion efficiency of SC lasers. With the development
of low-loss beam coupling technologies such as end-butting and fusion splicing, the successful development of low-loss
optical fibers, and the red shift of pump wavelength, the power conversion efficiency of SC lasers has been gradually
improved. It can be expected that with the further reduction of transmission loss in mid-infrared fibers and the
further red shift of pump wavelength, there is still room for improvement in power conversion efficiency.

3) Optimization of spectral characteristics is continuing. Due to the limitation of the short wavelength or narrow
spectrum of the pump laser, the short-wavelength component of the early high-power mid-infrared SC fiber laser has
a high proportion of power, or there is a residual spectral peak at the pump wavelength. After the emergence of SC
lasers as pumping sources, spectrally flat mid-infrared SC lasers have been widely studied, and the power ratio of
long-wavelength spectral components has been significantly improved. With the development of long-wavelength
pump source technology, the spectral characteristics (such as spectral shape and long-wavelength power ratio) have
become a clear trend.
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4) Pump wavelength is gradually moving in the long wavelength direction. From the development of high-power
SC fiber lasers, it can be found that with the development of fiber laser technology, the pump wavelength of mid-
infrared high-power SC laser gradually moves in the long wavelength direction, from the 1.5 pm band to the 2 pm
band, then to the 2-2.5 pum band, and now to 3 pum band. The increase of the pump wavelength is beneficial to
reduce the quantum defect, reduce the heat generation, and improve the power conversion efficiency during the
conversion from the pump light to the mid-infrared SC laser. It can be predicted that pumping wavelength would be
extended to long wavelength, which is an important trend of mid-infrared SC fiber lasers.

It can be expected that in the near future, high-power mid-infrared SC fiber lasers would move from
experimental researches to practical applications, and play a unique role in scientific researches, production, and

daily life.

Key words laser optics; supercontinuum generation; nonlinear effect;optical fiber; optical fiber amplifiers
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