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3 FF 7] (cavity, or resonator): 574 F3=of ts] ¥ (resonance)
HAAS e, wi A F4E (refractive index) 3 3779 =17], We
g3 Sl wet 1 5Ao] dekxd b st dx 33X 7] (one—

dimensional cavity) 2 F 719 A&=Z o]Fo|#4 U+ Fabry—Perot

b4

FA7L o We T AL Aolelq wEAow wAtge] Fx7]e

A

71e} "o se] wE R E(mode) 7t WERATH 98 Fx17] (circular
resonator) elA= FX17] e "ol HrkAb(total reflection) & &3l
371 PR E wEk =29 2l ZRr EAEE, ol Aol
3]%} R = (Whispering gallery mode, WGM)&tx HEt} [1]. 949
FA719 R Z 93k (quality factor, Q factor)o] =A%l HZEFx= Hlo]

5 WA (isotropic direction) & 7 EZ o] A& &&3l7]olli= o] 0]

Hhd vl 3%17] (Asymmetric resonant cavity, ARC) [2]&= &%

Ygozel WE WYL Bolv mEel Ffgk A ¥omz [34],

g R AE WP ert FUskel wel FR7] iR 9o A
o8 (ray dynamics)o]l Fzt FEAMsAE F7] We ¥ BE= 319

A} % 2-8- (interaction) ©] YERHT}



#H Abs A (quadrupolar), stadium, mushroom billiard & ©HeFsh
ko] X717 AgrEeigle, o5 fAFE=(quantum chaos) ¥
1] & 1] A (non—Hermitian) Hofo) FQ ZeE o 7 A = A

B 9% (dynamical tunneling), 5°]7# (exceptional point), % XX
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Bl Y ¥ (resonance—assisted tunneling, RAT)S FAZ 3=

g8=90 [6-11].
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2. W7ol &

2.1, HICHE YHAE D|a Z&T|(Asymmetric liquid-jet

microcavity)

oA EARE dA AEC % R F (surface oscillation) = 1 Z A
FE o AE5A Q) WstE dorn, AEVE APE 5 g IAF A7)+
A2 At W Befol Ao FHE A Bd. fEe= AA =29
A5 mh](node) oA A AES w©@H-&  o]x¢ (2—Dimensional)

TRAZIE o] & & An (11 2.1).

MAAAES] THAFS dHsts FA19E o]&2 Rayleigh®t Lambel
o)t A EA (linear analysis) oA A|Z2FE 131, 71 F Niels Bohrel 23}

B A3  A}$ 28 (nonlinear interaction)S X &A|Zl HHEH o]lEZo 7

Tin = Ay 0S(M) cos(kypz + &) e7#/tm (m = 2,3,-+). 2.1
A71A ai= AES H WA F, n,o FUZZ (relative amplitude), Ly,
7+2] 4ol (decay length)ol™, k,, = I59E (wave vector)Z Z%&F

14+ (oscillation wavelength) A, k,,, = 2m/A,, 2] #AE 7}H T
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w2 AE HA AE FHVIY W RS AbsaAst Z2ESAY
Zstor xndHo As—-ZF T2 33 7] (quadru—octapolar cavity) Z
wom wiel A BA Bk vhad 2ol SHEIEAE AT 5 v

(@) = a[l + k cos2¢ + B k%cos4¢] . (2.2)
o171 B =042°]1L k= Ale A AR REE AFgor a3 Zol
zdHE

Lmajor (Z) - Lminor (Z)

K(Z) B Lmajor(z) + Lminor(z).

(2.3)

Lmajor(z)ﬂ’ Liinor(2) © 247y ol mol zol A9 B, d@F2 Hdols

FTSAY] AFs AeaAY WEE Ao Alwd B factor(B =
0.42)°l vldsty, HZ A= Bohrd HAEEA o] wE B factor

e Adow Ak vl Qlod [14].
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3 A 3T 7] (Hexapolar cavity)
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OaolMds o5 &lsty] Sl FAS e ¥ o] (linear theory) =

A5 dEges fFagch AAAEY AF

Mr

olgate] Al A
71 (oscillation period) A,,/v, 8t & AZH(decay time) Ly /v, S

@ol & 4 gk

Ay 2m pad 2.6)

v, Jmm2-1 T .
b1 o
v, 2m(m-1)v’ '

A7IA T+ AAC EHAE (surface tension), v+ &4 % (kinematic
viscosity), p = WX(density)Z, &= A% T=223x10"2N/m,

v =152x%x10"°m?/s, p = 789kg/m3 ©]t}.

dE 5o AES FIHAEFE a=16pm 1 Ao dis] Aitspd
FTo4 AE(m=3)2 AF 2§ F71< Ap/v, = 154ps, AR
Lyn/v, = 14.03ps ©|T}h. w7 = Aols=2 A (m=6)2 4% A&

715 A,/ v, =5.22ps, AL L, /v, =2.8us ©|th. AAAES] 7}

X

eo]l p=1385bard W, AES +F FE+ v, =9.88m/so|Tt. =59

ET25E AES FHA wit] (D2) 74419 A7 460umel sl SF =2k

M

e Zls = 0.0365 , Ao|F=F+A AEE e #ls=601x10"8 T
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M
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2.3. BA 822 (Boundary element method)

Az vE wdEzE 78" F90 #I A Sle FrelAE
ZAA Q42 (Boundary element method, BEM) [15]& o] &35to] dEst4
EXEZ  Aakst ¢ Qg BEMS 53] 499 2ok {HA
53171 (dielectric cavity) el sl FHEEE & 5 Qo] fF&3ith

BEME 712Fs] Amshd ohgat g,

ozt el fFHA FVE FHEEE Tl fEMde vded 22

[VZ2 +n(r)2k?]y(r) =0. (2.8)

o] 2o 1x¥e  AA AHEWAHA (boundary integral equations,
BIEs) 0 & Yeld 4 vk 4 s 245 n()=n (=12-,)°l
wEk J Y FYew yeEth(a¥ 2.3). gl gy go] 1™

3+5= (Green function) 2 7 2] gt}

(V2 +nfk?)G(r, v k) = 6(r—1'). (2.9)
G(r, 7’3 k) = —%Hél)(njklr—r’l). (2.10)
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Helmholtz %A 2e] 65 Fst & 2o @) S Fsto] F 29 2=

e 245 a@) =n (G=1,2,-,D° w1 7oz et

Feh A7 [E nhEis ARAe e 4 g

Y@ = jgr ds[p(s)0,G(s, 15 k) — G(s, 15 k) 03p(s)]. (2.11)

J

714 9, A rolA AA tist 422 ©]& (normal derivative)©]™

s=s)= AAE meh @ 24 Qololth. 1w Fe o [olA
U0 = § asp©,60,750) — Gl 0] (212)
T

o AAN e ARPHAL Qith oA $19) A Feshu,

§ a5 [0(£)0,605' 1) = 55 = W(s) = 65,5 ()] = 0,
Lj
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% ds[B(s,s)¢p(s) + C(s,s)Y(s)] =0 (2.13)
r

= 95 F dom, o] uw B(s,s)=-2G(s,s";k), C(s,s") =20,G(s,s";k) —
8(s—s"), ¢(s) = dp(s)°ltt.

oA Bag kel ial 9 A9l AE FeW FYRSES 9L 5 Ytk
=

Ao ex® U, 9 AL Ted 2o AY dewgae

o,
Y
il
=

Nj
Z [(J; ds B(si,s)> o(sp) + <fz ds C(si,s)> IIJ(SI)] =0,
I=1

Nj

D Bud + Cuh)) = 0. (214)
=1

AN e T £A wES A7 ok F WAL R [ ds
g F0g 52 MAE AALcd] UF ARow 44T 5 Yok we

HEZAo7 A 214%=

B, ¢
Sg-wgee e
By G

o o] AT, FYERIEE o] A9 v (non—trivial solution) %
FolABR FH7|Y T4 (wave number) k(=2m/1)S WIA7IH FH

M2 F2o] 0o] H= kE Pl dHELE FHS wESHA " o] o

i
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(2.16)

fdsanG(s,r’;k)—Zd)lf ds G(s,7'; k)
l - 1

Y’ = Z Y
1

7] EE & (Mode evolution)
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V2¢j(x'Y) + nzkzlpj(x,}’) =0

i 2k A A A

=
| .

N o

AAzAL hen Pk
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1 (r,0) = Z A ] (kr)eim®. (2.20)
Wy (r,0) = Z B H® (kr)eim?. (2.21)

Jm(kr) & Bessel 34, HP (kr)& 12+ Hankel 347019 A, B2 ZF mol

3t Agolth. 9714 m & 2z EE= W3S (angular mode index)®,

AN

X7 U REol ggdge] fidl] WA (radial) WEFSE O] mitE

EE W3 (radial mode number) (& -8 < it} wepbd F27] WY
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mro wxpel wx 33 dALE olFH W EYSH(two—state
effective Hamiltonian matrix, A =1)S E=¢3sfe] Aga 4= it} [5].

Vp (m, () - iyp (() Cpq ({)

H(m,{) = Cpq (D ve(m,n) — iy (D]

714 m e FZ2719) WH W< (internal parameter), ¢ = 371719
HEE, vy, Yoo A4 o8 EE W35 7k 7 uncoupled mode]
Fuel A ES Yrstal, (v 7 OEE ARel9 e A8 (coupling) &
o) gt} $19] Hamiltonian matrixE w2} 3} (diagonalize) 3 F+ EE=7}
wab = 39 weo] 2de 7 F Urh S 5% MIE () olA
Coq > 1o —v4l/2 1 AF FAZ mell A8l v,(m,{) = vy(m, ()5 =34
reol wxt 3¥rt yehdt RE 7ol As#go] ARFE RE

FAro A F BE= Ato] 9] 7FA (mode gap) ©] 5 7FSHE).

SHH g AAEE AARE £2(oss)o] YO E UM REELS
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Abstract

Mode spectra of a hexapolar deformed
liquid-jet microcavity formed by a nozzle

fabricated with focused ion beam technique

Kim Soyun
Physics and Astronomy
The Graduate School

Seoul National University

Asymmetric optical resonant cavities can be used as optical devices such as
microcavity laser, owing to its directional emission and high quality factor. In an
asymmetric cavity, by increasing the deformation, ray dynamics inside the cavity
become chaotic and interaction between modes arises. A deformed liquid-jet
microcavity is a type of asymmetric cavity exploiting a cross-section of liquid-jet as a
cavity. The shape of the jet cross-section depends on the initial condition of the ejected
jet. The jet orifice was deformed by heat and pressure in the previous method to
achieve the asymmetric cavity. However, it was difficult to assign a hexapolar

component to the cavity shape and only the quadru-octapolar shape was possible.

42



In this study, | developed liquid-jet nozzles by using focused ion beam technique
and a triangular orifice was fabricated to realize liquid-jet microcavity including
hexapolar component. The mode evolution of the hexapolar cavity agrees well with the
simulation results by boundary element method. As a result, the microcavity shape can
be expressed by a combination of quadrupole, hexapole, and octapole, showing the
equivalent hexapolar and octapolar components. The effect of resonance-assisted
tunneling on the intermode interaction in the hexapolar cavity is inferred from the
Poincareé surface of section and Husimi function of the resonance modes.

In future study, it is suggested to measure the dependence of the directionality on
the amount of the hexapolar components in the hexapolar cavities. This work presents
a possibility to achieve various shapes of liquid-jet microcavity for photonics
applications. This study also would be applied to realize a cavity shape with uni-

directional emission such as rounded triangular cavity.

Key Words : Asymmetric liquid-jet microcavity; liquid-jet nozzle; focused ion beam;
hexapolar cavity; Mode interaction; directionality; resonance-assisted tunneling
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