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Abstract
transmission loss, high damage threshold, and high mode purity. The HC-ARF is widely applied in high-power

A hollow-core anti-resonant fiber (HC-ARF) has advantages such as wide transmission bandwidth, low

pulse transmission and compression, ultrafast nonlinear frequency conversion, short-haul high-speed and high-
capacity optical communications, bio-chemical analysis, and quantum storage. Herein, the development history of a
hollow-core photonic crystal fiber (HC-PCF) was briefly reviewed, focusing on several new HC-ARFs that have

emerged in recent years. In addition, the key technologies and the recent advances for the applications gas-filled HC-

ARFs in the field of novel Raman laser frequency conversion were discussed.
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Fig. 1 Two optimal photonic bandgap hollow-core fibers. (a) Photonic bandgap hollow-core fiber with transmission loss as

low as 1.7 dB/km@1565 nm" ; (b) non-surface-mode bandgap fiber with transmission loss of 3.5 dB/km over

160 nm bandwidth™ ; (c¢) loss plots
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Fig. 2 SEM images of various types of HC-ARFs. (a) Traditional hexagonal Kagome HC-ARF™; (b) hypocycloid
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performance™ ; (e) negative curvature HC-ARF with cladding consisting of nodes™” ; (f) negative curvature single-layer
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AL E I A B RE IR W R AL g AR w2 HOL2

Bifi 5 AR ZE Kagome IR 25 0 G 24F O 22 1
REAR W4 7, AT H S ML AT TR AR
5T, 28 2 AR 3 N 12 2R I Kagome YG£F BTN AY 56
HEAE T IR LI R ) 27 5 1 A J& Kagome 4514 1Y
)R . WIS, BIZEEF 8 4R L (a5 T2 R A
£ 2 W BT LR L 50 ST B G 2E MR R B AL e 1
RSN ARWIEEL . 2011 47, Pryamikov 485
B T MR G5 1 RO IR 25 O LIE 2(e) ], JF
P T 2sh 3.5 pm BB EHR . (T

REJT 1A 19 B KR 2 71

2012 4F, Yu 209 %tk & 17 Bl % B% Pryamikov
BT 4 258 B 38 iR 25 00 D6 £F 1 i i T2 AT B
HE A5 T UK A E IR R 0 B it R R R s
T, i 2O PR B 204 3050 nm 1Y 1%
W HAESN 34 dB/km i A S b4 RHZE AR [R5 B Y
WS FENR T 3 MRS, 2013 4F i A 58 /N AL Hir
il 7 22 il AR B R =S OB X EATTTE 800 ~
4500 nm % B 1A% i B FE AR PR BEAT T RS OF

0508014-4



th i

i ot

6 4 78 P K A 2400 nm Ab A f K BORE (H
(24.4 dB/km) , [ B} £ 3 & 4000 nm Ab i 45 #E R
85 dB/km, IMil A7 & A4 B} 75 I I B 11 W 5 45 R v 3R
865000 dB/km, 2015 4F, Jaworski 2515 %} £ il %
F VIR 25 S G £F 78 1T WL U B 1 A% i e e R AT T
— R M AP 571 nm A R ALK
46 L FEfH (95 dB/km) . [A] B 7 5 O8I K
515 nmMl 532 nm &b YL F I FE ST 514 150 dB/km
#1180 dB/km.,

£ W 1 1 R TN Lk o L N A
Kagome SR 25 8 6 £ 38 90 R B50AH [m] 2 9 19 1%
PR AR, [ B AT 2 3 Hh ™ B 19 4 il 5 RE L K S P
FE 5 AH SR LI 19 A D% BE AH B2 Ml B0 15 a5 5 1S Y
“Fano H: k7 5 Mt s &L 0 A7 0, F &, W5 H AT
VI 5 F e A TP A 00T 3 o ok e ek o L
24 ETARBREZELS

2013 4 AR D W Bk Be i T E T S AR
RIETR 2 EEF K 2], I AT 2.5~
7.9 pm (Il BE G ALy AR LR E P KM 3.39 pm
Ab B BAE A 50 dB/km. 5 T A RS0
ZFHH LY TC 0545 1 B3R B A5 0 G AR R AN T DL K
W AR AR Y £ 110 4% i 5 € 17 L T LA foff G 95 E i 2R AR
(CL R L

2014 4F, Belardi %555 51 %F JC AT 55 A1 A 9 4 45
A 1) B2 VS 91 25 008 DI £F 1Y) 251 il i R AR M 1 AT 8 3 BT
FFFE , &I J3 B RO iR 25 8O G R 2 19 i
AL DL AT SR AR 25 5 06 £F i 4 il i FE. 2015 4R,
Belardi 85 X 33 i JC 15 8 45 440 11 B 8 91 25 s R &1
PEAT P LR AR AT 21 A1 IX 38 3 2R H 5 £ A5 72 1
&4ty 5 A& H YL R 750~1600 nm.,

LA JC a5 SO IR 23 OB £F P s T
SEME P 1 2 R L A ] T 3% BT 1) Uebel 2800 AL T
v R 2= I /N Gao S8 L - 7E [R] — B[] 7 il
HH 5 R BEARL A T Y S RO R 2 OB LI 2(h) L 9F
HCHFUZEARAT —Z 6 MHEREEME . NFEM
J& . Uebel %5 X533 FiOG 2F 76 90 BRGS0 BB P T
HEAT T HEFE 1 Gao S50 UE 5L T H 25 il B #E 3 /) T
AN REIRZS O LF A R T
ML AR R 5 em (R AT, Al AE N
200 dB/km, fE LUK T ) VB MR R 2 om 91
OUF A A FE N 4500 dB/km,

B T S RO IR 2 S AT TR OB AL i AR
i 4 R I T A2 i A S TED B A O B AR OE
2016 4, Michieletto % Rl FIZ Y6 £F SEBL T w5 2

8 K O A i LK SE R 22 ps, i ih B OF 1
ML 70 W;2017 4E, Gao %510 il s A A B 2
BRI /N Ay T RE () JRE B, SICBL T JC T A5 RO R A5 s
JGCEFAE AT UL O &0k 21 A B (420 ~ 1400 nm) Y 55
ARG IR — LI UE T 532 nm SR K
FR PR BD IO A% 4 5 TR 4F, Debord 451 i3 1R
MUV IR 25 G A A AR S A FE LB R 2R —
WGk 53] 7K 750 nm Ak 7.7 dB/km (1% %
WAL JLF R —mfia], Hayes 2892 3038 T 78 3 21 4
U BE I A AR A% B 0 T 1Y A RS R A Ok AR HoAR
HAFEL S 20 dB/km i IGEF v] B AR ] 28 3R 5k
WAE. BfJE . Gao S50 NCHE— B Rl T 20 Ak ik
B3 B 3 0 R A i 1) IS R 2 S Y 48 L I ) G 41 A
9 1 pem B2 AP ER PROG  His Fe A B e MR Y A
VLR B KR 2.8 pm (1 I H T R B R E
ot

SR A6 28 A Bt — B3 AT B PR RE A0 25 o
JEEF, B 48 14 % 7 28 B0 1R AR 10 A% B
¥, 2009 4, Février M i T Kagome J2 i #i§
23O 47 78 % 4 355 nm kb B O AL . L FE K
2000 dB/km , 3 .4 i i 452 20 H A7 1R 2 119 /5 B A6t
2014 4, Hartung % BT 19— 35 AP BRBEAL 4 11
PR EEF [ 2Ce) ] 1 Ak BE R B = A
B B A% a7 45 FE N B IR AY 2400 dB/km @
348 nm & #r 4 m | 9100 dB/km @ 276 nm Al
49700 dB/km@231 nm, 2015 4, Hartung &7 4k 42
PACCEF BT Il T 55 4b— 3 e R Bk PR
2L L 2(d) ], HAE R AN 270~310 nm 191
YIHER0FE 0 PR AR & 3000 dB/km, [R B, 52 38 4R 25
A TG LR 7E B 5 AP OB AL B 1 SR A R 0 e
Gebert %% F| ] Kagome S PR 25 s YT 76 B K R
280 nm fEHIF I Ny 15 mW BIEOG . 2 TAER
[B) KT 100 h J& , A WA 3 25 AM e B 5 1R 19 25585
0 AHJRCEF M AL A AE =35 800 dB/km,

2018 4, Gao ST H] T PN AE &£
SMER M T A R IR SO KA
355 nmAb SEEL T K B ] AR A 1Y BB R R K el Ot
L. 5 —FOBLEFE LA 20 AT WL ik B e B = A
A . FLAE 300,375,515 nm B9 1% i 31 KE 43
130,170,300 dB/km; 73 4k — 3K 25 05 L £F 0] LA ]
A 78 35 = N B E O I K (266,355,532 nm) , 7E
355 nm M 532 nm & f W 09 A6 o Wl A K
300 dB/kmA1900 dB/km, [FJ4E, Yu 5006 IG5
R 25 S E LT AE 266 nm % B ] 9 14 B 4

0508014-5



th i

i ot

5 S0 A B 5 A RO £F 19 A% R v AT T L
o B A WL5E 3 TC 5 5 SO 4R 25 008 D' 21 A% i 280 3 B AR
5 A1 R R A O s AL 1 L
25 BRERBMEMNRBERZTSLS
IR 23 BG4 N 2002 4R R EAEAH + L
AF 1 I (] SR T H 7 B T L AR A B BOR 1Y A 5T
J& . BEAE X H SO LR R AW ST AT B3 PR
25O T A R AR A AL B B P RE B A
MG LR AS W g 531 o . Kagome 25 088 Y6 4F 1Y
AR LT S50 A RO AR T SO ik 25 O 41 1 1%
WA AR . BEJS HBLRY )2 f i R SO AR 2 OB ATl
NI AR B Kagome £ )2 45 14 % G 21 19 45 P 51
BAEIBREEWEN, FRE T RZEIN AR
RS EO6ER O BR AL 2 0 RO 7Ok R
105 A0 RS i AR, R EME, 5oL T
B S EOCEF A I O IR 25 08 G £F B ORI £F
O, HH 5 A %M HE ST/ 0.01%0), Ik,
TR 2 0L £F A0 3R T IO 0 AR LG 7 B 2 OB EF

() Z /DA — AN B0 G T HL G 45 F A R R 2
B AE T BEREIR = 7.7 dB/km, ik,
Tl /NA G T 22 ROE IR0 458 &% 3
(A 3)  HoAl B 25 MBS /AR # 7 7 0.1 dB/km
DU B R B R A (B0 7 T B A 5 46 0 2 T i 4 4
FEOUT 3k BB A R IR A5 S R 2R 1 BRI 45 RE A P
iR F ot 74 B &5 06 &F W R A 3 8 A
(0.14 dB/km) , i, Poletti”" & it 1y — ki B4
T ) 2 S AR Y B B 23 0 G AT Ll 1 B R X
JGEF BAT AR Y R ] 45148 IR TG 21 1 3% TS
PFE , [R] )92 06 21 38 22 B0 B A Y 2 i 45 B . 2015
AE Belardi™™ X i B8 IR 25 LR L 2D ik
F1 70 ZOGEFAE T WO I K A 480 nm kb (9 1% fi
PAAEHR 175 dB/km 5 i T4 J2 P A7 3 A7 R JEE iz
KT HMI A HEAE RE R, IR I 6 45 - B A7 R B AR
AL SR AE . L AR 3 B S 21 45 48 1 i A7 7 AR K
PR 2 B 0O S IR RE M A — B B H 2 A
F 5T /N IE 7 B 224K

B3 ARHRE OB RS OB . (iR E B M R IR DL 5 (b) i £ 1 7 45 1 1Y
B 23 WG EF 0 5 (o) BRI IR 48 S AIR 4 S B 7 0% 5 (D 8 =AM 181 A5 45 40 1) ST i 2 s e 27 0
Fig. 3 Ultra-low loss HC-ARFs. (a) Nested HC-ARFFY ; (b) nested elliptical element HC-ARFF ;
(¢) single ring-elliptical-tube HC-ARFY* ; (d) nested three-adjacent-tube HC-ARFF"
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Fig. 4 Ultralow-loss broadband conjoined-tube HC-ARF. (a) SEM image of conjoined-tube HC-PCF;

(b) measured loss (black) and simulated loss (grey)™
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190-290 Kagome 800 dB/km @280 nm 18.7 QUEST Institute 20148
315-380 2400 dB/km @348 nm o _
Leibniz Institute of
280-315 Square 9100 dB/km @276 nm 17.7 ) 20145
Photonic Technology
200-280 49700 dB/km@ 231 nm
Leibniz Institute of
270-310 Hexagon 300 dB/km@300 nm 30 ) 2015M7
uv Photonic Technology
3250 dB/km@258 nm
250-600 Nodeless 1900 dB/km@310 nm 15 Russian Academy of Sciences 201657
1550 dB/km@393 nm
281-316 130 dB/km @300 nm o
Nodeless 15 Beijing University of Technology 2018")
344-404 170 dB/km @375 nm
206-225 100 dB/km @218 nm o
Nodeless 17 University of Bath 20180
300-400 260 dB/km @355 nm
Hypocyecl
.yp Y 70 dB/km @ 600 nm ) ) ) .
450-650 oid-core 21 University of Limoges 2014128
130 dB/km @ 532 nm
o Kagome
Visible .
Negative ) ) -
490-610 95 dB/km@571 nm 15 University of Bath 2015
curvature
420-1400 Nodeless 80 dB/km@532 nm 26 Beijing University of Technology 2017
Hypocyecl
1050-1400 oid-core 150 dB/km@1200 nm 50 University of Bath 201017
Kagome
Hypocyecl
Near ) . .
) 1100-1750 oid-core 40 dB/km@1500 nm 66 University of Bath 20122
infrared
Kagome
Hypocyecl
1000-1200 oid-core 17 dB/km@1064 nm 30 University of Limoges 2013(20
Kagome
Negative . )
1500-1730 38 dB/km@1576 nm 46 University of Bath 201382
curvature
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o Different o Core
Transmission Minimum loss . Research .
types of diameter / Time
band /nm and wavelength department
HCFs pm
Negative ) ) _
870-1120 26 dB/km@1158 nm 32 University of Bath 201658
curvature
850-1700 Nodeless 100 dB/km@1 pm 40 Beijing University of Technology 2016
N 970-1230 Nodeless 30 dB/km@1090 nm 30 NKT Photonics 20160
ear
. 900-2050 Nodeless 25 dB/km@1200 nm 40 University of Southampton 2017042
infrare
625-930 Nodeless 7.7 dB/km@750 nm 41 University of Limoges 20171
1302-1637 Conjoined-tube 2 dB/km@1512 nm 30 Beijing University of Technology 2018
1300-1600  Nested-tube 1.3 dB/km(@1450nm 31 University of Southampton 20188
Negative ] . )
2900-3850 34 dB/km@ 3050 nm 93 University of Bath 201204
curvature
Negative _ ) ) .
2200-2890 24 dB/km@2.4 pm 61 University of Bath 20130
curvature
o Negative ) ) .
Mid-infrared  3400-4200 76 dB/km@3635 nm 108 University of Bath 201303
curvature
50 dB/km @2450 nm o ]
1200-4000 Nodeless 70 Beijing University of Technology 20173
130 dB/km @3 pm
Hypocyecl
2250-3400 oid-core 9.6 dB/km @2462 nm 97 University of Southampton 201702
Kagome
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Fig. 5 Images (top) and spectra (below) of high-order stimulated Raman scattering through 1-m-long

hydrogen-filled Kagome fiber. (a) Linearly polarized pump; (b) circularly polarized pump™
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Fig. 6 Raman frequency comb with stable phase. (a) Schematic of setup; (b) spectrum of Raman frequency

comb and total wavevector mismatch ABS"
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Fig. 7

Raman spectra of air. (a) Vibrational Raman spectrum of ambient air plotted in log scale with upper photo showing

vibrational Raman lines at output of fiber using prism; (b) rotational Raman spectrum of nitrogen molecules in

ambient air plotted in linear scale with upper photo showing rotational Raman lines at output of fiber using prism

and insert being rotational Raman spectrum on blue side of 473 nm'®!
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Fig. 8 Supercontinuum spectra. (a) Supercontinuum spectra obtained using three different spectrometers, and inset is

supercontinuum spectra in near infrared for different pulse energies; (b) supercontinuum spectrum after re-calibration
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Fig. 9 UV-Visible Raman optical frequency comb. (a) Measured spectrum of Raman optical frequency comb with near-

field optical images of modal patterns at fiber end face shown above (as, is too weak to be directly imaged);

(b) photograph of output spectrum dispersed at CaF, prism and cast onto fluorescent screen, with as, signal

highlighted by box exhibiting complex far-field profile!"
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Fig. 10 Absorption lines of different gas molecules in mid-infrared
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Fig. 11

H, Raman laser output of 4.4 pm in mid-infrared. (a) Output spectrum; (b) average (peak) output power versus

average launched (peak) pump power, with curves 1, 2, and 3 being average (peak) powers of all Raman lasers,

1.906 pm Raman laser, and 4.4 pm Raman laser, respectively
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Fig. 12

High peak power 2.812 pm mid-infrared Raman laser. (a) Setup of mid-infrared gas Raman laser; (b) Raman

spectrum at pump power of 381 mW and CH, pressure of 1.5 MPa, inset: near-field mode profiles at 1.064 pm,

1.544 pm, and 2.812 pm, respectively; (c) output Raman power versus coupled pump power""
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