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Field Distributions and Transmission Property inside a Conical Waveguide
with a Sub-Wavelength-Sized Exit Hole

Zeng Xiahui Fan Dianyuan Zhou Ping

(Shanghai Institute of Optics and Fine Mechanics . Chinese Academy of Sciences, Shanghai 201800, China)

Abstract Based on the time-harmonic electromagnetic field and waveguide theory, the analytical expressions for the
field components of the spherical transverse-magnetic (TM) and transverse-electric (TE) modes inside a metallic
hollow conical waveguide with a sub-wavelength-sized exit hole have been derived. The time-averaged
electromagnetic field energy density distribution associated with light transmission and the transmission properties of
the spherical TM and TE modal fields inside a sub-wavelength hollow conical waveguide have been studied in detail.
Moreover, by using the accurate eigenvalues obtained numerically, the influence of the light wavelength, the taper
angle, the aperture diameter as well as the length of the conical waveguide on the time-averaged energy density
distribution inside the sub-wavelength metallic hollow conical waveguide has been discussed. The results show that
the time-averaged energy density distribution inside the conical waveguide varies quasi-periodically. The quasi-period
has relation with the mode, the light wavelength as well as the taper angle. Furthermore. there is a clearly
pronounced maximum in the radial dependence. The position of an appreciable maximum for the time-averaged energy
density varies rapidly with the light wavelength and the taper angle.

Key words integrated optics; electromagnetic fields spatial distributions; waveguide theory; transmission
property; time-averaged energy density
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hollow metallic conical waveguide with circular
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Fig. 2 Time-averaged energy density distributions for TE;; and TM,; modes inside the hollow metallic conical waveguide.

(a) TE,; mode; (b) TM,, mode

1 3 FIE 2(h) 138 B2 HE TR 25 00 42 R 5 i
1108 I A B[] S 2 R % RE A0 A R . 1A 3 ()
N g2 TM, BEAE F HE A 0 = n/3 42 ] A A A
r=1600 nm#| =16 nm (4 TE 4 J& I 5 ) 1 B[]
S RER R AT . K 3(b) 7 R TM,, B 2F
Hf 0,=n/12,r=1600 nm F] r=16 nm I &
Ja& B T PN R ] SF- 2 R R R 0 A . R ALk
G A=500 nm, A& 2(b) FIE 3(a) [ 3(b)
Hh ] LU 8 3] o 5] 0TV 1) 8 o 8 R 43 AT RILE S I
S b LNALR O B B A R R X TR
HESf 0 ==/3, ANl 3(a) TR s Joe KAE H BAE r==0. 44
b s % TR HEA 0, =n/6, WAL 2(b) TR, de KAH H
MAE ra0. glaﬁﬁi;xi%ﬂé%&ﬁl 0, = /12, 4 3(b)

14/
12}
10
308
(3
06!
04|
02

@ |
-15 -10 -05 0 05 10 15
2 /(10* mm)

<08}
n

B e RAE B AE rac 1. 64 b, DBR(B R 0L 1 45
AT LU o o SR B /N R B SR KA 1 7 A
S HETE T A A O . A ARBOR o TR B (E N
HH B SR KA 1 7 T 5 30 () 4 Up 5 i s 1 /AL
BRIV SRF /N FL AR S 19 375 SR A K o o A 0 [ A o S i
1A DD B I 5P 22 B ok 28 B o ISR A B, T
it 110 0 A R A ) B X1 3k e DX A1) AN [ )
e AR A IR S 80 25 5% 6, w2
m=0,n=1 KK TM,, BL1 i F &R T X =AA
) B 2 40 1 25 77 A = A S TR AR FE A X T 6, =
/3,00 =1.8361:%F T 0, =n/6,v, =4. 0932; % T
0o =mn/12 .0y =8. 6743, MRHEIRATTESE —F 403k
/NSRS T R T AR B HE Y Uk 5 N B[R] 34 g

max

A

2 /(10~* mm)

B3 TMo BEAEA I HE A 250 4 )8 U R TR B BB i 85 BE 40 A . () 6o =n/35 (b) 6, =mn/12
Fig. 3 Time-averaged energy density distributions of TM,, mode inside the hollow metallic conical waveguide for the

different values of the half-cone angle. (a) 6, ==/3; (b) 6,==/12



6 4]

BRSSO HETR IS i R O A B A e R

1491

WS DT BUE IR . X — KR
TEAEAR /NG B ROAR S 0 50 A s oty 0 0 XIS
R [0] SF- X i o2 %8 B {ELAE K 0, 1 B0 T T B A 8
BEHAE/ANG O, T OL T 1% . X B ZEARA R
B R R PR T R AR . DGR N R ik
5 PN B[] SF- 34 e %8 BE 43 A A 5 e A] LR 2 (b)
FEL 4 JIr 4 3R 1) i 5 %% B 20 A7 1% 0 19 L3 43 A v
Ho XY BT A R TM, #5782 #E 1 0, =
n/6. [ A B N r=1600 nm F| r=16 nm K 4HEIE

1.6 16
14 14
12 12
10| 10
g
208/ 308/
\ [
0.6 06!
04| 04 |
02 02!

NIC)
-8 -6

; i i " H 0
-4 -2 0 2 4 6 8
2 /(10~* mm)

-8 -6

4 I U T DA B T ST 28 e o A A A . AL
FH Y SGBEP K 2 51 & A=500 nm, 600 nm,800 nm,
XF & 2Ch) FE 4 Ca) | [ 4 (b)Y L8 40 47 v Al LLAR
56 HHETE 250 4 T8 U5 P B[R] OF- 35 8 % R O
A 14728 Ak 5 ZUARORE TR . AT 2L AhEl AT IO
DX 358 P ' T DB A0 o o R B DN S B R AL 1Y)
V7 TR S TR O A B o /N EL S B R e S D
FLAL S 135 S R K

> :

()

5 4 2 0 2 4 6 8
2 /(10~* mm)

P4 FEAS TR DG I A B0 T (9 T Moy W28 T 250 4 J 0 AL IS [T 3 BE 9 0 Aif . (&) A=600 nm; (b) A=800 nm

Fig. 4 Time-averaged energy density distributions of TM,; mode inside the hollow metallic conical waveguide for the

different values of the light wavelength. (a) A=600 nm; (b) A=800 nm

By S ALAR /N X T U 5 P B TSP 22 R %
S3ATH R AT LR 3(h) MK 5 BTt i i B 55 8
SR AT B HC A A B A .k S R A 1 2
TM,, BEAE24E A 0, = /12 FHEIE 428 3 S P A ) i)
V- YR B R A . BB AL BE F K A=
500 nm, i 4 fL 2 H & 4 5l & 2R~ 4. 14 nm,

16, 1.6,
1.4 14
12} 12}
EL0| g 10
208! 508!
0.6 | 0.6 |
0.4 0.4
0.2 0.2
0l® 0
-5 0 5

2 /(10 mm)

2R.,~~103. 53 nm.2R..~165. 64 nm. M % {5 B
(1) 45 AT LAAS S L AR AS 5 e B ] S 3 1 o 9%
TE BT A2 0 4 A L2 0 e KBS s 33/
FLIA] AR B . L AR B K L B % R ) B K[
SIS /AL D6 1 3 S RO

min

-5 0 5

/(10 mm)

B 5 TMo B A [A) B  FLAE A HE TR 25 0 4 U 3 PN B 0] S Y BB B2 %% B 0 Al . (@) 2Rw~<103. 53 nm; (b) 2R..~165. 64 nm

Fig. 5 Time-averaged energy density distributions of TM,, mode inside the hollow metallic conical waveguide for the

different values of the exit aperture diameter. (a) 2R.,=103.53 nm; (b) 2R.,~165. 64 nm

6 25y 7 T M, BEAE AR 55 R/ 1 s L AR T
AR EE £ AHETE 25 0 4 J@ -5 N I () °F- 22 g o 4%
JE ARG O . SR B B HE A 0 = /12,08
WP A=500 nm, AT 5Ca) FIE 6 AT LA

T 1 ST D 3 A9 4 B X I8 3 PR ] SF- 24 i o
YE S SR 23 A7 52 MR AR /) ELBE 3 BE 11 98 32 2 B ¢
AT B3 I /0N - BT N A /N L AR Y
et



1492 B 2% 2% i 29 #
3.5 ig max
3.0 il A

40!

25! 35
£20 g 30]
=t 225!
2 LB ® 2.0
1.0 | 1.5}
- 1.0
| 05+

0 (a)A I I B i i ; ®) i ! i | ] min
-10 -06 -02 02 06 10 -15 -1.0 -05 0 05 1.0 15
2 /pm 2 /pm

6 TM, WA [ BE 7 HETE 2 0 42 i S P ) 1) - 2

RETE M AME . (2) (=3.09 pm; (b) {=4.64 ym

Fig. 6 Time-averaged energy density distributions of TM,, mode inside the hollow metallic conical waveguide for the
different values of the waveguide length. (a) [=3.09 pm; (b) [=4.64 um
4 %k 1w 1425
4 M. Platkov, A. Tsun, L. Nagli e al.. A scanning near-field

M FH PR 388 L 1 3 M IR 5 FEOE  TR AR 0 T i e AL
A WA RUSH 9 HETE 250 46 TR 3 P I3 HL i
4 25 [8] 3 A 9 LR B I T R Fh R R A 7
HETE P 3 vh AR S A R S 5 TR A5 0 B R IR O
I RAT S I [] - 35 RE L 0 A . BT RO
AR SR AR T 1 3R 11 BV A A T T HE TR UK
N A LG o0 0 2 TR 3 A R AT kK. B A
KB R AR ARAF HORT A A AR A P18 TR R R
P T A BE i FLAR DL S A X TR 25 0 4 R U
PR 8] P22 E 7 5 20 AR (B2 I . TS 2 SR R L i
[ 1~ 247 f6 Sk % € A A HE TP 4 i 5 P it B ) A
AR . RS A i R MO I D KA o6 L
Sk LA HERR TG OG o B AR BOR i e LA L
U T e S oK

=24
W

2 % x ™

1 D. W. Pohl, W. Denk, M. Optical stethoscopy: image
recording with resolution A/20[J]. Appl. Phys. Lett., 1984,
44(7): 651~653

2 A. Lewis, M. Isaacsson, A. Harootunian & al.. Development of a

[anz.

500 A spatial resolution light microscope. 1. Light is efficiently
transmitted through A/16 diameter apertures[]J]. Ultramicroscopy .
1984, 13. 227~231

3 E. Betzig, R. J. Chichester. Single molecules observed by near-

field scanning optical microscopy[ J]. Science, 1993, 262; 1422~

middle-infrared microscope for the study of objects submerged in
water[J]. Appl. Phys. Lett., 2008, 92. 104104
Zheng Jianya, Yu Xiaoming, Zhang Tianhao e al.. Research of

al

surface plasmon resonance on gold film using scanning near-field
optical microscopy[ J]. Acta Optica Sinica, 2006, 26(8); 1236~
1239

A T W] 5K RS 45, FI 3 00 % WA R BT 98 4 1t
FIAF BT IR, R FR, 2006, 26(8): 1236~1239
Zhou Near-field
nanofabrication technology base on local field enhancement effect
[J]. Acta Optica Sinica , 2008, 28(s1): 176~180

WL JE WLEmER AE. BE TR IR Y 3 90 K TER
[J]. %% %3k, 2008, 28(s1): 176~180

E. Betzig, J. K. Trautman, R. Wolfe e al.. Near-field magneto-
optics and high density data storage[J]. Appl. Phys. Lett. , 1992,
61;: 142~144

Liu Xuedong, Pu Shouzhi, Zhang Fushi. Synthesis and application

(=2

Yan Feng, Ming, Fan Xiaomeng et al..

=

-

oo

of organic near-field storage material[ J]. Chinese J. Lasers, 2004,
31(12): 1460~1464

XUEETR WSFR S TR 5L A LT AE AR A BB L LT ],
FEBE . 2004, 31(12): 1460~1464

V. R. Almeida, Q. Xu, C. A. Barrios et al..
confining light in void nanostructure [ J ]. Opt.

29. 1209~1211

G. S. Wiederhecker, C. M. B. Cordeiro, F. Couny et al.. Field
enhancement within an optical fibre with a subwavelength air core
[J]). Nature Photonics, 2007, 1: 115~118

R. F. Harrington. Time-Harmonic Electomagnetic Fields[ M J.
New York: IEEE Press, 2001

A. Handbook
Functions with Formulas, Graphs, and Mathematical Tables[ M ].
New York: Dover Press, 1972

©

Guiding and
Letr., 2004,

10

11

12 M. Abramowitz. L. Stegun. of Mathematical



