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Fig. 1. (a) Schematic illustration of a one-dimensional three-layer slab waveguide; (b) distributions of the amplitude

(logarithmic scale) and phase of the major electric field components in the s- and p-polarizations (Ey and Eg,

respectively); @ = 2 pm, ¢ = 0.67 um, and A = 0.938 pum; (c) phase of the electric field at the outermost boundary

(see the dashed lines in the insert) and loss spectra of the fundamental core mode [2°].
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Fig. 2. (a) Geometry transformation from a circular single-wall hollow-core anti-resonant fiber to a series of slab
waveguides, and the polarization directions are denoted by the arrows; (b) evaluation of the electric fields in the
far-field region (R) by using the Green’s function and integrating along a closed loop; (c¢) numerically simulated and

semi-analytically modeled loss spectra of the single-wall circular (solid line), octagon (dashed line), hexagon (dotted

line), and square (dash-dotted line) fiber with @ = 9.76 pm and ¢ = 0.67 wm [26],

2.1 Tk, 75— 4 PR B 5 b B i 4
B P AT (SR () 25, 7T LI
(2) SAF BB IBEE S M AL 1 FiL 74 1 -

|E®P)(at fiber’s outer boundary)|

_{wwmalmﬂmkanQquz(w
2 \/1 — Re n(?fp) )2 7
13X A7 B L 3 1A A7 B B e 7E 3 — N 3 B
FEIN_ERE 637 B s A0 p Al 4 2 0 B 451 40 A (AR L
cos p/ sin ), MR T B3 1P EE(E S,

M BT A AR B ] DRS4S 2 A AR
BAR A AT

1 2T ( )
e(nefr) = 271/0 {Re[n

+ Re[ng’f) (¢)] - sin? go} de,

)] cos”

(4)

FHGEF 2 DX R 7 30 2 0 i
Er = ko[l — Re(neg)?] /2.
SRG, w2 () B, Bl 64 & 42 X
B ) Y bR R X W 2% TR, V2B, (v, y) +
KAE, ,(z,y) = 0, FUSHRA S 2 5, HIBTE 540

B AL AT AT AR
OE, (7’
Egy(r) = ]{C {G(r —r') x %
OG(r — '
- % X Egy(r')|dl. (5

B A M3 O 1 AR 0 P £ [ B, 2 PO
BNESTT I E SR . Kb B
G(x,y) = iHSD (kp|r — o'
o0 B B T T 55 N W T 2
HY (kr - 5) = [2/ (ke - 5)]Y2 - explilky -5 —m/4)].

/4,

124201-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 12 (2018) 124201

FE—Hri Mg oL T, AR
OE, ,/0n ~ ikt E, . %

Iy BR AR O A A T ) 251,
& (5) AT UL AR IE Y

E, (r) ~ e3m/4(k:T/8TLR)1/2?{ E, (7"
C

- [1 4 cos(n, s)] - exp(ikrs) - dl,

HA ) [14cos(n, s)]/2 v E 5B 35 B 5 2 4
FIRE RARHA .

hEL TR A AL BE, FF R
R IR - /NG

A B ST EE T, AT

kA Az
2n

B9 = 1BV~ [EJsing -cos o x

E (&) = ngE(S” cos® o + \E(p)|sin2 @] %

/ [E.(&)* + |E,(€)?]dé = 2kolm(nes) Az - koRe(neg) | Eo|* A2,
0

1+ cos(n, §)

Horp, ¢ RECLFREEIE ERZEAMERIT . Bt kra = 11/2,

1 — Re(nesr)

fm (negr) ~ 8ma2 - Re(negr) Re(nesr)

DA RS A T RS RO AEA R
Bk EHCRBU T BT AR L. 14 (o) W LR
T AR ) BB i 1 3R 22 U506 21 O R i 45 AR 3
AR —KiE Mﬁiﬁ?gﬁ?#}i?i‘c%ﬁ%%%%lﬂ@
iR IRYE. BATA AT T AR RS B T 5 8UE
PR sE e —BUNEEE: APIHEELAR MR A AL 2

ez (&) = 7{ [e®) —e®]sing - cosp
c 2
ey(§) = / [e®) cos? p + eP) sin? ] 5
C

esP) = {Im[n'(;;p)( ] X Re[n (S p) /\/1 — Reln, (S p)

5 elkrsqy, (6)
1+ cos(n, ) oikrs gy,
2
2T
/ lea(©) + ley (2],
1+ cos(n, 8) oikTs ],
Ll (7)
+ cos(n, 8) ek .
}1/2
| PL IR TAE N i, FATEEAT T — R F1Z W

WA R R, B E K — T X (6) 2
o) R B SRR R T . i el R ik 5
OE,,/On ~ ikrE,,, MERHHKOE,,/on ~
(0E;,/0z) - sinf — (OB, ,,/dy) - cos O AT | & k.
JE G BRAR AL T M n = sinf - — cos 6 - y.

WIRETE, PR 4006 52 I T R/ R 35 | OE, ,/0x 1 OE, , /0y il LAz i i 45 77 F2 4
0k, O0E, . _ 0H, B 0H,
1W:MOFIZ Oz 6y ) IWEOEZ - Ty or
0B, OE. . o _0H. oH, _
iwpoHy = 5 o iBE,, iweg By = o 9. iBH,,
. _OE. 0B, _ iy . _OH, O0H. _.
iwpgH, = By 5 iBE,, iwegFy = 5% By ~ iBH,,
I3 EE HIMI AR 57 B0 78 UL (OB, /Ox) - cos 0 + (OE,.,,/Oy) - sin 0 ~ 0 FHEF H K. fitk, FAIE 2
OFE,/0n = iko(\/po/e0cos @ - H, —sinf - E,),
OE,/0n = iko(\/1o/eosin® - H, + cosf - E.),
JiE (6) BB IER

C

1 — Re(nesr)? " R
ma? - Re(nesr) kol Eol? Jo

Im(neff) ~

| 1B + 1B, Pl

~ egzi(&Tk’TR)_lm]{ [krsin(0 — €) - By + ko(v/po/eo cos 0 - H. —sin6 - E. )] e*T*dl,

~ egzi(8ﬂkTR)_l/2]§ [krsin(0 — €) - By + ko(\/po/e0sin 6 - H. + cos 6 - E.)] e dl,
C

(8)

124201-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 12 (2018) 124201

A28 2T LU T 5 v IR A S R A OB £F
g5k,

R S LS S EE
#

FEER 27, JATESE T R IR 2 B A4
% B EE AR IE BRI S5 M TR, IF Bt AT 1
ENTIESE. O THERATHI T4 e B SRR 6T 45
ik, LA E B REMIDLEr. LK,
R R AR AN B i ) B B o s O R
L DR FR) S T B 2 50 01 £ 5 4 A A PR Bl oy 228
L QU B 50 R e B0 HCTORK 1 P9
F G E V7 a5 AN T WG B PO X Fh 2 A
SAEIRZ I AR 7SI fRIR. A SCRRIR R
RSN STV A

FEIX 7R, BATTRE ) B PR Gl 6 22 e £F
BR 458 1) 2 ORI IR XS BN THEAT B AL B AT
62 B N D) B, XA LR
SRIBATIZ IR 0, S AR AR e £ R 4 AR i
FFRTEE BT A, B T ESRAT SRS S
T 2B i) A R 28 AT

w
B =

3.1 WIRE FMBRARMZERE- IS T

PE— R BRI T b, L A
R 7 R 6 0 S SR BT (113 (a):

singp=n-sin O,
T(s)_sin((ﬁ— ©) n-cosO —1-cos¢
Csin(¢p+6) n-cosO®+1-cosep’
) tan(¢ — O) ., cos(¢p + O)
tan(¢ + O) cos(¢p — O)’
Horr, o(©) WG (Frst) M, r AIRIE A2, s(p)
KRB, L A NG, AT LU 9 S 3 4%
T WY, RN b 2 B AR A 2 B
I RRAEL ) “BRTH SO, AH S, SERRTE DL PRGN

(9)

P (s)

WA (¢ — n/2) 2 FECTE S HiFE. Kk, w]
AT WAL AR 3G — A GRIBR R 3530 ST 46 4y, A
BT DL B Qb 5898 T 2 (83 (b)) an R
;200 S G HIVE L, AT DL & G D3R
T, T TV

T ?SS/ ~ 4sin ¢, - N (s-Pol.),

T T

7 = T—p = ?I/) ~ 4sin ¢Z \/277_ (p-POl.),
(10)

Horr, ¢.(0.) NG (NG AN, Ty, =
1— |r&P) 12w LA (10) G E 1 (c) F A R
AR BEAT R, A7 L6 5 /> 503 S THD I (P
LR, p (RS 2GR D' F U 1 2 s
PRI 02N = 4.445% (~6.45 dB). E 1 (c) FIHA
WG E HH, PIAMRIREE S FE 2 20 09 6.2 dB M
5.8 dB. M T S 1H1R LT

FATAT DLSRAG B — N AT R 2 OGET P 1
Ol BTG E MR T 2D PR A E 3
B, B SA — H =RONE R RORE, TRV
FIEAN)Z SIS AR AN FERZH
G b S S SR AN R, ToVE IR R B
o Yo XI5 3 I 1D 0 A1 1 Y DR 1R O R R IR,
U SRR B A S ) SRR R B, DA I R GE
— B e I — T S ER R A, RS A S R
FIAK (ELJ7 8 An = 0.01), A LUE A5 5
S AR AR 2 TR ) — A BRI b SO AR R
Fo5r R A QR B AL I AF AL, R T X — 1k
JR R SELS 7R AN, W] BAS B AT Bl AR 25 58
S AT B AR A AR BT 19,

8 ER <RI TR IR SR R B 4T 45
W2, |ERH T 8ot R\, a2, X
B (HE ) XFERR A IR B, & — P 5t
T ERIASCE S T RS0 8 1 s AR p RO
L SREFRATT T LA AR 152 — A 20 H0K 35 385 2 T 8¢ L T
TR S, BRIE S AT LR A

B3 (a) SANBIR SR (b) — & H B M EA (o) Al F 24 bR A 1 1 2 S R g (27

Fig. 3. Schematic illustration of light reflection/refraction at (a) a glass:air interface, (b) a series of glass

interfaces, and (c) an etalon structure 271,
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Fig. 5. Calculated and simulated loss spectra of (a) the annular fiber and (b) the hollow-core negative curvature
fiber with the number of interfaces N = 1, 2, 3, 4, respectively. The geometric parameters are: ¢ = 0.24 pm,
2a = 30 pm, d = 10 pm, 20’ = 28.66 pum, and d’ = 16 pm [27],
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Fig. 6. (a), (c) Simulated phase profiles of the electric fields of different fiber structures and (b), (d) the corresponding
confinement loss spectra. In (a), the color bar ranges from —180° to —120°, and the phases in the core areas are
0°. In (c), the color bar ranges from —180° to —60°, and the phases in the core areas are 0° and 180°, respectively.
One can see that the phase contours of —180° (marked in dark black) exactly at the outermost boundaries of the

glass walls. Note that, in (b) and (d), all the fibers have the same modal indices (data not shown) [27],
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Fig. 7. Examples of hollow-core anti-resonant fibers fabricated by our team. The working spectra cover from

ultraviolet to mid-infrared.
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Fig. 8. (a) Semi-analytically modeled loss and modal index spectra of a square-shaped single-wall hollow-core anti-

resonant fiber (in the inset) at the two polarizations, a1 = a2 = 9.76 ym, t; = 0.67 pm, and t2 = 0.54 um; at

the horizontal polarization, the field amplitude and phase distributions of E, are plotted at the frequencies of (b)
174 THz and (c) 243 THz respectively; (d) modeled and (e) simulated differences of the real (An', solid black lines)

and imaginary (An!, solid gray lines) parts of the effective modal indices between the two polarizations (321,
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Fig. 9. (a) Analytically calculated dispersion curves of the LPg1 (black solid) and LP11 (gray solid) airy modes of a cladding tube
with the diameter of 20.8 um and the fundamental core mode with the bore diameter of 16 ym (red solid). The thickness of the
glass tube is 420 nm. The black double arrows indicate the “cladding mode mismatching” requirement. The red dashed line shows
the simulated dispersion curve of the four-tube hollow-core negative curvature fiber with the inscribed core diameter of 14.6 yum.
At the normalized frequency F = 275(712 - 1)1/2/)\ = 2,3, -+ the anti-resonant reflecting optical waveguide band edges appear.
(b) Scanning electron microscope image of the 4-tube hollow-core negative curvature fiber. (c¢) Nearfield mode profiles captured on
a camera after bandpass filters centered at 350, 380, 400 and 550 nm, respectively. (d) Transmission and loss spectra of the fiber.
The solid lines are the measured results and the dotted gray line is the simulated result. The dash-dotted gray line is the spectrum

of the xenon lamp source (28]
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Fig. 10. (a) Schematic illustration of the hollow-core negative curvature fiber at the bending configuration of Type I and the
effect of the conformal mapping on the refractive index. (b), (c) Dispersion curves of the equivalent air core capillary (thick
black line) and the tubes (dashed lines for dielectric modes and thin solid lines for airy modes) in the simplified model.
The tubes in the outermost side (b) and in the second outermost position (c¢) under bending are respectively calculated

with D = 40 pm, d = 24 pm, ¢t = 410 nm, and Num = 7. Numerical simulation of the core mode of the actual fiber (holy

squares) agrees reasonably with the simplified modeling. (d), (¢) The maximum frequency spans (AF') acquired in the short
wavelength side as a function of the bending radius and the tube diameter for the (d) Type I and (e) Type II fiber bending

configurations 0],
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Abstract

The inherent material imperfections of solid core optical fiber, for example, Kerr nonlinearity, chromatic disper-
sion, Rayleigh scattering and photodarkening, set fundamental limitations for further improving the performances of
fiber-based systems. Hollow-core fiber (HCF) allows the light to be guided in an air core with many unprecedented
characteristics, overcoming almost all the shortcomings arising from bulk material. The exploitation of HCF could rev-
olutionize the research fields ranging from ultra-intense pulse delivery, single-cycle pulse generation, nonlinear optics,
low latency optical communication, UV light sources, mid-IR gas lasers to biochemical sensing, quantum optics and
mid-IR to Terahertz waveguides. Therefore, the investigations into the guidance mechanism and the ultimate limit of
HCF have become a hot research topic. In the past two decades, scientists and engineers have fabricated two types
of high-performance HCFs with loss figures of 1.7 dB/km and 7.7 dB/km for hollow-core photonic bandgap fiber (HC-
PBGF) and hollow-core anti-resonant fiber (HC-ARF) respectively. In comparison with the twenty-years-old HC-PBGF
technology, the HC-ARF that recently appeared outperforms the former in terms of broadband transmission and high
laser damage threshold together with a quickly-improved loss figure, providing an ideal platform for many more chal-
lenging applications. While the guidance mechanism and fabrication technique in HC-PBGF have been well recognized,
the HC-ARF still has a lot of room for improvement. At the birth of the first generation of broadband HC-ARF, the
guidance mechanism was unclear, the fiber design was far from perfect, the fabrication was immature, and the optical
properties were not optimized. In the past five years, we have developed an intuitive and semi-analytical model for
the confinement loss of HC-ARF and managed to fabricate high-performance nodeless HC-ARF. We further employ our
theoretical model and fabrication technique to well control and design other interesting properties, such as polarization
maintenance and bending loss in HC-ARF. For a long time, the anti-resonant theory of light guidance has been regarded
as being qualitative, and the leaky-mode-based HC-ARF have been considered to have worse performances than the
guided-mode-based HC-PBGF. Our investigations in theory and experiment negative these prejudices, thus paving the

way for the booming development of HC-ARF technologies in the near future.

Keywords: fiber optics, propagation losses, fiber fabrication, birefringence
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