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ABSTRACT

In this thesis, we proposed micro-scale particles acceleration by plasma
wakefield acceleration method using cascaded PANDA rings resonatar, PANDA rings
resonators of each layers are vertically stacked. System operated by injected laser
into each input port PANDA Rings layer, then, whispering gallery modes phenomena
inside center ring’s holes occurred, filled with low-pressured gas, generated high
intensity etectric field for create eas plasma inside, plasma acceterated target
particles along length of center ring hole by wakefield, produced with interaction
between plasma and targeted particles. This proposed system is smaller and use less
energy than conventional accelerator system. From this study, there are changing
center ring radius from 1.5 microns to 5 microns for comparison of wakefield strength
inside center ring hole, maximum force per unit were calculated for suitable radius

for system
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Tuaseumiriy

Tguszasdvaniside _
L. emgmeniivassyuy ssuwmudinios Sdunade sgluguiuuiumudy
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Tnsliswnuduiewsdsuuuuding vanegluuudiefu Wy swmudutendis
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Tumssenuuuluenidetu arldsunvuanmufuisuuuunidh (PANDA Ring Resonaton)
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ahduluanmeganneredilawaranussiwanuiwaslnamunansssuy S

g R

ANAANI5L94

Inpu t Pﬂl't

| YR v Y ar  ar - '
EUW 1 BAATHEMIUALWDILUTLWLAN ﬂﬂﬂi%ﬂum‘ﬁﬂuwuﬂTﬂUEﬂLLUU‘UENLﬂiﬂQLT@

ayneiildlunieludnnesnily wazdwinmsairseszuuinnnds wilsszuu wazih

k24 ar Q. ar d 3 4 o = [
ISV UNUATULLLUITN ﬂﬁLLﬁﬂﬂﬁEﬂﬂ 1 URINATBIN INDNLUATDINE U DIRYAIU



w 4§ ] g =3 a a w [ E'd :‘

AushaelnamuiianmsiaeSunaneiluun sseglusuuuuieduty vilfszuud
v 4 & 2 ! = 2 o Z v ar 2

aisiulusgluguuuuisTeuseynelas Afefvesszuuiioanuuuiniuaslindunution
1 d 1 QIJ

nineaaseynelasvialy [211,22)

0o signal of Center of PANDA Zings

— 14TPANDA Rigr
1704 o . - B . . _|rmarsoamy
=~ ScIPANDA g

Itonsity

R R REN

> 3

¥
g
g
¥
§

T A I e R L L T D A T T T N Y
Wavelengih (microns)

‘i‘Lhn 2 AR DN TE VU I LS U WIS w@naunu‘lﬂaamzymmmlmuuaa
AFNANNUMIUTBNTEUY A LLam’Lwmu'naqgsmcuuuumﬂ.asuﬂuuawummﬂfuuwm
TIINIAIY

93U 2 wusmdiiudygalugiiuuindidey. Aeliuinamsnavens
winasenfuiumms e sy frsvuuiing sy suemssdygnfeediinnntulng
HANTSVIAABRERARSILUNT ¢ ﬂﬂiﬁﬁm@ﬂmﬁﬁ’m’m%‘uLLﬁﬂﬁiﬂﬁ@@’]ﬁN?]ﬂﬁ%UUﬁmiLEﬁMﬁ’u
vhliemdivesdya aihamunamesssurwmuduie uuiwug Wuey
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Tumadeiasdunsinniauureseieaseymealusuuiaiiu lussuus
uwuduiswuuuwusi Tngliudnnismaisirauniideaiunanain (Plasma wakefield
acceleration) Awiulunsiieeaigunsaifenarilieoadlandnnsvasaiaudinatan
veseymediusiugunseifehedudaiumeumesfumaiufemrasnsilivesszuud
awvesihieuusndnsnnszuvtessionsoyma s Hlu fauauasmsfinesin
wsifinaressuy 1wy fymnanhdesssuy wae Syganesng Aldanssuu
WisuifieuluBdmnuuanmeniutis mudumusensaiussuudsnariielulissgnd
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3. AnwsnngnisaliaweBwnawedlvue Aussruiililuaumunuusiag q
wagdwainnBeuiisuivieftaidefiinduiuszuundaztiin lnsmagSeuiisuins
ssuusuulduldlunsussiname Fwnddel seldlugduumawnuduisauuunudi

(PANDA Ring Resonator)
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unit 2
WURRAMIgEgitigIdal

o . L & . .
m‘sﬁ’uwmﬁ’a'aﬂL‘Naqmﬂﬂuwug‘m (Discovery of Particle accelerators)

Lﬂ%ﬂaLﬁ'qmgmﬂLﬂuLﬂ’%‘mﬁaﬁﬁ%’ﬂﬁutﬁa’tﬂuﬂ'mi'amgmﬂ'l,ﬁuri Wangou Bdnasou
flmseu woveymelessulvillmnuiitgedy dwiunundnfnfuianseynimduiy
Awsilul .. 1911 Tnw 10afiuad Smvedwesa ( Emest Rutherford) uarmzanN
WefURn133de adudv (Cavendish) univendeauuiad {(Cambridge University) 91f
maveaesissnsnsyRweteymeauarionwuinrdvatames aymALBaAldEw
vnmaaeivesniutuniifilustlinnwefveiusmaend  Wiluddnedeaves
nedld %’af&'ﬂlﬂuv’t’aqa%'wLﬂ'%'mﬁau*masj'mu'lﬁ'saLs'qa‘qnﬂﬂ"lﬁﬁwﬁ’wmqqmnwaﬁ%wsma
vnldlulananwsmedild

Pndaiililunaen 1o dnnaa rerasoY ( John Douglas
Cockeroft ) uagieasiuan Lot Fud 1088 ( Emest Thomas Sinton Walton ) 1§
eonuuuaairssuseymAYuIn 700 Alahiad Tavordeminmsnseneaunylihain 3o
Hwasas 1seymarismsnedanieni * P30S IBYNIANDARTEWA-TRGL
(Cockeroft-Walton Accelerator) [23],[24]

Tunarlndifssiu wediuad Touauln aefisud (Ermest Orlando Lawrence ) usi
wmingdeundnefieiiofnads nnasseustansoymafiannsaseynpin
aunsuresiedmi Mendn “ilaudseymalelnansau” (Cyclotron Accelerator) [25]
Toe inSaassoymeiiaadisud ﬁ%ﬂq%ulumauﬁ”'ummsntéﬂﬁi&aau‘iﬁﬁwé’mu@aﬁa 1.25
MeV

' 4 = o o ar iy o i | T o 6 % - od 2 5
mamL:Jammmmmmﬂ*uwawqumu‘lm’m GeV %amm‘mﬂwaumﬂLﬂaaumwuu
| o = = o =2 & g Har o
uniisaymaedsunisulnamSuamIn 9 mamﬂaau‘lﬂmmqwgauwmﬁmw
e v o da . | = Y
(Relativistic Theory) slstjumuing (Radio Frequency) hufiaunsi Jspadinng
= o o 1 e, )= ar o P ar ] | =
wWasuUas mmﬂum'iaemagmﬂ‘nuﬂiwwmﬂwaﬂmiﬂmaq M LFAAUDYD9REY
1 = A = o= = & 1 o q' t o n
Lmman‘lﬂﬁqmmnﬂau'mqmmimﬂaauu%ﬂm (38077 Lﬂsauwaqmﬂ%uiﬂimau
(Synchrotron Accelerator) [26] u,a3ﬁafiﬁtﬁut,ﬂ§aaLi'qaqmﬂﬁlﬁ%’umsﬁmmuwnfgcvﬂu
Yagtiuil
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1. unaannialonau (lon Source) vise wnasnniindidnnsau (Eleciron Source)
2. oussoymedwiuseunaliliniuiigu (Accelerator Chamber)

3. 5¥UUIABsE10Yn A (Beam Transport Systern)

Tumsuiwrdavaurisnseynaildnutueglutigiu amelisveswuuuindnlwidild
Tums fuiteynauseglfidu 3 Usan filde

1. \nSaaseindgenssuanss (High voltage DC) symavssggnislitinderuiiniuy
Tasiedouiiiurusisdnslusuulvifhadd udeipusounmn neansew-2eaiy
(Cockeroft-Walton accelerator) [23],[24] kg \e3aaisseymauueasuasvii (Van de
Graaf accelerator) [27] wianuiiiisafastuieieusoumamariiseudnwiaglutas kev-
MeV

= ' = o i 2 = a = a i
2. wnasunieniy (induction) lfauwilvwihiiannmamvlsnilagauinusivgn
! IJ 1 4’ !
A irFansioymea luammsau (Betatron Accelerator) [28],(29] {uSaasiaynia
= o S ar l 2
Rdnaseu Indrnusgludimvateios MeV

3. inBpadasleuund (Resonance) urTessseymegelmiteusnnlutligtu Fo
Wosrusznaudiuauluiweduuimdalwieufweduing ®F) Awsammam
aunlihaldisadunarueriueiueinifinrunduraretu uanedoulumamie
weuiunmsmenau famudeeseymalndifivstuasunsiaressusiings
wilaila symessgnisshuaudlnfwesersueindu wavazAmslouuudiv
pAu  FethanTeatuslauuns (Resonance Acceleraton Idur infeusoynelelaa
a78uU (Cyclatron Accelerator) [25] waw Lﬂ‘%]au'%qaun'lﬂ%uiﬂamau (Synchrotron
Accelerator) [26] wasnuitldoglutiag 100 keV- 1 GeV

¥ 1 2 ' @ P |
uaﬂmﬂﬁm%u‘uatﬂ'immmgmﬂm'ma NYUELTIAMNTSINNIAADUYRB LA A
= t a W . { i = -
aamﬂumimmmgmﬂ Lgadu {Linear Accelerator) [30] Ll,aaﬂtﬂ?aamaqmﬂlfwm (Circular
Accelerator) [25],[26]

] ar = | 4 = s d” o =)
dmtuinienseynieildlunideiiegluguuuuresmnuimeabunaiann
(Plasma wakefield Acceleration) [1] - 3] losldraumudunesuuuiwusii (PANDA Ring
ﬂ; ] ar 3 L d ] -
Resonator) [41-9] Swuiliusanilu 2 daundng ludszuuiniaaseynin (Particles

Acceleration System) LazIEUUIDINLMIUAUNDIUULWUAT (PANDA Ring Resonator)



inSauisymadienfunatsuaafiad (Plasma wakefield acceleration)

m‘%mLiqaumﬂl,l,wwa'aau'\mﬂaﬁ (Plasma Wakefields Acceleration) [1]-[3]
Wuvaladmiunnseyniaiivssglniih wu Sifinaseu(Electron) Twinseu (Positron)
uavlooau (on) Tngldaunlwihiifedesiudidnaseunatan uazwanauniunie
Tossarthadu 7 lasediugs ( 1y madusziiley Lay Sheath fields) lrTausseynAna AN
Trseeagnasneduliliiawesiiad (Laser pulses) ufufiy wioduasoynin (Particle
beams) fndafinssfunatauminiinas (Plasma parameters) inalAwa EEIENTaEe
UsrAvBamganieasoynalasfiisadeynaiionmnning wndefuges
wdsaimanauuasenmiululfgniausidundusning Tudh miue was o seviy Bu
aeffuros UCLA Tuanizeudni Tull 1979 [1] Sufuniseenuuunisvemessyuunniiad
(Wakefields System) # UCLA uagvihnisnnassuesgunsainnass nailduandiifiudn
iwRsudieymadnananIndeynalifuasiivssAvirmninedanseyaaiily
Yuziiy
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o ar & o 1 o 8 [ =
a'W]TUﬂWiﬂﬂﬁ'ﬂﬂﬂ?\‘lLL?ﬂﬂﬂQLﬂiﬂQl’iG@‘l{ﬂ'\ﬂLLUUWﬁqﬁN']L?ﬁWﬁﬂ PWFA ‘lﬂgﬂ'ﬁﬁ]ﬂ'ﬂ
@n71iu Argonne National Laboratory Tuil 1988

- t p ] = = ar ) &
LATDILIBUNIANR RN (Plasma acceleration) LUSIUYUAYDY waraudanRsauswolUll

1. Plasma wakefield acceleration (PWFA); IA30a 598 MANA AR IMUNANAINE 16N
pdudidnaseuldandidinnseunsy

2. Laser wakefleld acceleration (LWFA): fiaiaToaissaynn 970 uasiaimasiievh
198319 nej:mé’iuwmamﬁté‘nmsau (Electron Plasma Wave)

3. Laser beat-wave acceleration (LBWA): ﬁaL?ﬁaat‘:"amgmﬂﬁgual,ﬁﬂmauwa’lﬁm
a9 e sWad (Laser Pulses) AiiAnvosmnidifiunnsnaiu

4. Self-modulated laser wakefield acceleration (SMLWFA): ﬁmﬂgmﬁ'ﬁaumﬂ
fldnmsuiuaumuswauBidnasounanaiiagadonisnsedulasninans
A5%L99989513U (Raman Scattering)

foflvaunTeustoymemanauinafias (Plasma Wakefields Acceleration) 1y
wRsaiteymefiiisaliunaasivunneiasammnsdmiunidldnudng q dud Wand
e aioymandinugaiansunnd wazgnamngsy nmaussendldmenisunne T
msWamTyABNA M wasumasasBidnasaudase (Free Electron) hemsiiaduvionis
$nwndneFElusreutazdmiueTaaia Tneviluldneflad (Wakefields) fiiiman
wanaLAIMUuresrawEuvdn eglsfinny wdaudteynenatann aunsevihendy
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1 SLAC Ifssuunananveiladezannsmiedidnasaulifindsnugaunnnit 40 GeV Tneld
JeaEVIRE 85 qu. d1uil Texas Petawatt laser facility at the University of Texas at
Austin IéihmsadaeTeaseoymadiudiune mono-energetically annsaisdidnases
Wi 2 GeV lneldszozniufios 2 su. Huslu
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AMENUANUF VAL Wadun (Plasma field properties)

Tunaitand wawtedl wanewn fe wianidenmdulosey uazinasfodusausnis
vasaans mstlanmwdulessusena il mnearuh sxiiidnnseustislion 1 M gnis
sanvnluang Ussglnidassvivinamniianmansir Wity anusdl ¢ vosmansd
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Wefeldfuduemésnuanaduing (Radio wave : RF) ude adulalpsion
(Microwave) srzupafiumanaunidwasesn idesmaniimumesueniilissdudures
MiaudBidnseu Wasusnamuity (Ground State) leglusamiznsesu (Excited State)
InglunsTiued Blinnseuavegluanuensziu Tdussunn 10-18 3wl (Lieberman,
1994) ¥ iauddidnaseu (Valance Electron) fuganusiudneds uagae
Uanudesndtnussninluguuuusduuimdnlnih fdurisauemaduiinuysdannse
sowuldeglugUuuuniuues (Visible Light) mawdwuanasmanamntussansaydii
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wWeitasdvuy Fazvanliiuiwnznsedurssanusing
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afnaseuddiuaunnuazlonoy Tnstaduitlindrnundatoy szusnmiunnsesswing
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1. asvuiuvedanniau (onization by Cotlision)
2. Tislosaulutu (Photoionization)

3. leosuluedwdeninaudou (Thermal lonization)
4. asyuiuvsausawmia (Metastable) ffusznau (lonization by Interaction of
Metastable with Atoms)

asrufiuresdidinasau (lonization by Collision)
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wi 1 Stepped lonization Energy
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Electron) Tususing q azgniussnuniliindifinaseudase (Free Electron) dauns

A+e +KE > A +2 (2.2)

e Ay egnouvIalinans Miunats (Neutral Atom/Molecules)
A* Dy Excited Atom Molecule
KE 1Juwdsnuaat] (Kinetic Energy)
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2. fddnaseu dermndnniiuluenayhlfeuiunslees luwdueauiiesaniu
azeloznouluiaglngliifnnsvuiu

3. sunumsleseulusuilifleddnnseu Touesnewiiliiansou flmivan
senluuasfvidlumuesnoududndnnulessuiiinanidnasey wealveisruouiisiy
wuuandlniunLgea

4. fivusiareiinesfivrmdweedifionsey AliAsnisloseuluedufieiy

Winlooaluady (Photoionization)

T a.e. 1887 Heinrich Hertz linanaafienfuaiuwimdniniuasnui
w59 Spark sewing Spark gap A wina4 lefluasein Spark eap Aunnsenuiifnges
Spark gap wazdmuhiidsansilileian naludnuasidendu Furngnisaifsasues
fansillaian swulauelna Siandend nlaleesluwdi (Photoionization) watalu
neu Mililuanavesimidn leesluedululidide

wi — o (2.3)
. 28)é)
Ve Av —wi = E my (2.4)
hy -~
e Y =Sk (2.5)
2 =
Wupunvesivsau
h = AAsT Plank = 6.627x 107 Jes
C= ANISITRMEY = 2.99825x10° m /s

A = augnInay

m = INAVBBIENATOU

wi = Wad4U lonization = evi (2.6)
38 Work function

v = muimedidneseu

Vi = uswiuloesluwiu

ileenould¥ulnnny agviliAnumngmsalresediie

1. nssﬁu’lﬁamauﬁisﬁ'uwé'muqﬁ]’u {Higher energy state)

2. psuandresdtdnnseu (Direct ionization)

nyfinduiuesseuvioluians suiiudidnaseu viensiimsansedundaruasiliiia

asanglnnewy senuntaulasaunis

Ww+A4A oA A +é' 2.7
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A+hy = A +e” (2.9)
aumsil (2.9 Geadr aunsiWlaleesuluwdy (Photoionization equation)

ar o . .
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o 3 = oF = + a 4’ o b
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P W ar
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=k FWEYe eu® > evi YaveraBy B laifinnsvuiy Weuuifserlassaunts

Am+83 A++B+e- (2.11)
kAT 0™ > evi vesemEl B MaviAamsmuiy Weuduasunslinsd
A"+B= A+B* (212)

msiinlossluwdusnunainda (Metastable) orafatulavatenis ke 20° Yauusd
wila fifnunndn U7 vstevnen A

A"+ A" => A"+ A+e+KE (2.13)
939 A" +24= 4 + 4 (2.14)
ile A = A+ A+hv (2.15)
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seaghaiuiaUssadusnaunseiafanismedseq Discharge) U 19158071 Nadey
(Time Lag)

NTUaAYaeBlanaTau (Electron detachment)
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avsamenguilasvanaoninngy (Detachment) Fnszuunstidtunisesune nsene
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waxulaaaluiwdu (onization energy : IE)
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Budninswunfiaf (Electronegativity : EN)

Juriuansfisnnuaansavezaedlunsilisfiddanseudmdueaitofin
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A E(AAV+ E (BB
EN,—EN,=(eV)2 Ed(AB)—-[ it )2 A )} (2.16)
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= ar .
NANAUINAURUUTTENNE (Atmospheric pressure plasma)
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UM s daulszneurssssuuniawaanuuuladdnudnuuiens

AtuInAImgNUgUTRINsLNITRine Ustnaudunisiianatauiuaanisi
dinvnfeilldnaniluideneuy wvidliiideannsmdmmusilddashundszandin
a A4 qv v o = ar ablv £ w oo a a '
gunsallunsudsmanauuieidriumidenls uaveunsalosdediuszaviamgenda
vudsdlddwmisonhdwuluhdedsluegiindrifinumusufedlflussuiluguuuy
#1199 uszielunsSsuidisuimailunuusing q suaadiiduiass At nndiRedy
Sweaiunednuvarresiamnduies Tugduuuin q fnansiell

ar d L] -
naiffeuiisuiums wisaseyniaiae RF (Radio frequency)

Usvlarlveamsisawananl (Plasma acceleration) fislsimnaunuauisanandd

af 1 el . o 1 3 =
RIDIIBYMARUIUAIINDINY ( RF acceleration) luieSasissaynaAluy RE Aas ey
lifidndndn Tnsfuuninasidwiunsuddladdnvinuesivaen 1 $1in Suauvasmaide

e’l‘  w ' ar ar

avmdunilefiuitla q Afeuseenmnafiondegs Tumemssudhn , susgeslunasunee
garimunlasguauiRidnauasaiuliviuouludeynie uilnevialazdavomuang

¥ ool 1 = o & = ! = = ' =
wuiiiinnadueses RF dufuinseaseymenatauiaduneussoynmasumidnannso
a3ananaNn lasiswdseureseymaliunn Tnsaursmssldtia 10 Gew/m
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i = :
dumsitidlueioussaymea

l'-'i o 1 1 A 1 d I
EIBWINTIL D YAARTULATDIL IR YN IARUUNA 8N KapDINTITUBEULUAIAIIILE

(Acceleration gradient) melfiReuly waraudadu (inear plasma) aunsasduielilag

E=g, [DeP ©.17)

Taeimualil E far awwlidl (Electric field), ¢ Aermmiuasiugyannin (Speed of
light in vacuum), m Aeutausedidnasay (Mass of electron), P @ ansmiueuLes

wangan mbadudnwiveynirdegnuieiiuns uaz €, a1 Permittivity of free space fifin
winrfu 8.854 x 107 F/m

X 2 o v W o =
Qﬂﬂﬂmauvmwu_ﬁﬂu‘ﬂmwmam mﬂaﬁu’]ﬂuﬁ'ﬂu%’lﬂﬂﬂ@u LA ATTNWRIUYDIATDS

LssyMALUUNAIENLIATAA (Plasma wakefield acceleration)

\asgnnanautessEuy MnennsieninYsdausedisldauywinauie
Wiansuani ilosanssuuildluenide sragluzUremanniiussqeglussuusNy
unush Tnemelunasnasussyenniafigamaiivies Taewaluennaiiussg svlseneude
fing Tulsitau (Nitrogen) 70 d3u A sondiau (Oxygen) Tudnsndau 20 gy a1dneu
(Argon) uag Arsusulaeanlas (Carbon dioxide) 1Wusu

~ R 4 ' o N "
dsngniellaeslwnaasivun ffatylussuuviethadusiinasuniy Whispering

Gallery Mode phenomena in Ring Resonator)

Unngmsafiawediwnaiaaiinun (Whispering Gallery Mode) gnéununsausn
- O eajen 4 s o = ar t
lae Lord Rayleigh tinandensingy lull 1878 71 umimns St. Paul [10] Tudangu e
v & o a1 P [T k] FY 6w
vihifllgidlafiniedudosifinsasfioululvaderldduiloy wiluvastulifae W
- = T ' I ) 3 g =t w d a 759
wiud Beshlienmsavieuniglulameduad svlinmsnwivesriudeuazerlity
= . 2, as P
wwzUInmaunavesluad Tul 1910 Lord Rayleigh leifinsimumngui) 9 St. Paul
2 L - | a a o ¢ ¥ a
uagla uandlivivirfudsiifeannsiawesiunameivun tufinannisunsnaenly
o g ¥ oo ar ' a o ) -
rwmedlawmhibifaunngnisaifingm fudnagesudnaareduad uenantiunisifa
o g 2 w oo a 4 o ' a v
JeeunameTivun Ludwandiiuniafiainunsewiudesdusnnesing q Sndae
] & oo v ad oo o | e
wanmilleaniu Swandliduirlunsd® szuuimduiionss viievuneanuiriaiivesssuy
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= LE A S ar T o R 1 «a o v &
Wuatiusiual ssuumnamedudssituasliannsafieane AMau (Resonance) A9LU

< o ' a a g - o
33‘1.[1]“’\]']'&9\3ﬁl@lﬁquq‘iﬂtﬂﬂﬁﬂ"l'lb’?ﬂLﬂaiiﬂtl’ﬂﬁtﬁﬂﬁﬁﬂlﬂ‘lﬂ {11]

| =| = a =3 g L () a = ]
uananeRuEseinansIaUeihunawmaiiuun 16 dneeiliundunas wienfu
wimdinlufn favaunsadfiausingnsaBawesSunaaeTivus Tidudety uasavifaty
| P | ar FY 1 a b P
viothedu Tuguuuy fianansamardellé Wulusnay weegunuusing 4 Ay naadsidiuldin
= = = o 2 ar A:l R
nairganEAsiefiwnaee’ nun aunsadaldtussuuiduamuduies Tugluuy
' = =i ¥ o & @ 1 ' o Y
#ins q snudamziasReouluidwuediu durinanmzdnan aswissuuiivansaufod]
d o B oo o 2= 1 at o a ar
anmemihiiAniasSwnaasiluue wnaevienandntlunifafinvuieve sy
a e, ] o E ' 1 =l . .
TaweiTwnameilvungs wuuvesialrdudsguuuusie 9 W sthamnuden (Single ring
resonator), JULUVINUREANIaY (Add-drop ring resonator) ¥39 JUNUUTBTIMRAIL
w . =t o = < d a
unug (PANDA ring resonator) fsgunuundseuluguuuuivinganiganazianldly
owr & = a v = ' ) <% <t
3el mseillenanafnanngiae HuwnaweSluun Tgandmuudy q suisunad
= er o = 3 a A e o = = = s =
Windalivumvigeninuwnusiadwiienngud 5 uaasiudiunstyedu fyyuedy
wilivdnlnilis TWansuseeshesabeovinaseduiiondanm (Fintte Different Time
. or 11 af = o 3
domain) (FDTD} amamasiiudahrmenuvesdyanaiivinalsnatsssuvasiirngann
g ar di & — a9 1 =% A=
wazariuiuvianeq Reuly Fwgeduneluhidenmsdmsnaureramsianeifunaass
Tvrua sinly

Py / ' 3 i :
Phase Conjupate

=

I
0.060 3.723 7.445 11.168 14.301
Z

o o 3 = = £ . -
JU¥ 6 uamshagmainanzlaa Hwnnmeilun (Whispering Gallery Mode)
At ol o 1 & v w 2 E o ar
vasilirdudygpasnduwmuduissvund Addurugudduisniums
d 1
BNUUVUIATOUTAYNA
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TFUULD N MMIUTURB LU ULWLA (PANDA Ring Resonator)

THUUMUAUNDIRULWIUAN (PANDA Ring Resonator) [4]-[9], [12], [14] \Jussuud
grifanezsEusmuduiissuudie) (Single Ring ) Wunuuiiidesdganaridues
Jesdygnaunesn 1 ag1as 1 Jem uaadlu sU 7() deutlifinsiamremulid
fasdggnanudunnnimiisies lugluuuiswnuiesnsey (Add-drop Ring) uemsluguil
7(2) LﬁammsﬂﬁwL‘ﬁam.gn1ﬂ‘l171’agj‘lmaumu‘l,ﬁ'mun'j"nﬁﬂﬁﬂ'nuL?’Jﬁmaaaﬂﬁmqa‘fu
uaﬂﬁl'mifué’aa'm'rmmuﬁnﬁ‘zgzywmﬁmﬁwﬁaamel,%"laané’qmaﬁauaﬁm*ﬁwaqqﬂniﬁma
Sunuseiind vhldannsaiseymeldihiu fweduBeyme venmnfufensaine
Unngnisaseitunaaeiiven lnsfiasaniteymenutufigafinansensumurils
ﬁ'zy,zyﬂmﬁlﬁﬁmmﬂgamﬂ 7 Wisumiloudaananisead (mpulse response) fussluida
piu wilunuideiazuadudnseyna fasailouioymeiidmdsnuitgetu day
wiarugenduiuiilulumuaunisszniveiamandifundee fuly fndanuas Ay
arudifiganndioy faameldasBunawedlvun fulnnfnaessuy fasedioundy
mhlfoumeiifmmniigstu Avdoueiiou indeasaume walumsidafumamauin
Foufiu Lﬁ'aﬁﬂﬂma’iuﬁ'm’nuﬁmmé’mmwm’lﬁqﬁyu dmnsludwsoyna Adunisise
aymalildemndifigsiunnty

lafisaunszuufifinwmuduiesuuroanse {Add-Drop Ring Resonator) 9
TouseavEnmiimidendt udenneiAdel lavhmsfnuwanssuulitswanes
UsydvBamitanin Tuesuftinsaivasmadniidnd Tadnsirmmawynuild
UsgAnsnmiiindmaumudisswuutenasey Tasiunsumuduiowwndn 1umng
wnunaBLazTIRaIEUY kastanduguil 8 uvenanasiwmutneun Sl 2
desdiynudiues 2 desdygnamieen Wevinmsaunudyaamelussuuiieden
rrwduiusvesdyanuavaunaeiueldhesaunivindamans dwvesuneluride
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Input port Through port

input

{n

Input port Throungh port

Drop port Add port

E drop E add

)

=f = . N s F
JUN 7 (1) LEATIUMIUTBLTEULIUMILAET (Single Ring) uasWaiuwe
. o A
u (v) svuuuennsey (Add-Drop Ring Resonaton) ielfifunbefugures
IR TBYNIAFIIEWATANING
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Input port Through port

input
Drop port Add port
E drop ; E add

=l o 2 2 ¢ P v = 1.
JUW 8 uamnswmuduwasuuinuan (PANDA Ring Resonator) figniaiunennguil 4 Tl
& o nl 3 = 5 ar o 4:‘(’ =
Ussiivisnmilmieninssuuiiuisuinve Wanaenaenills Hwmgety unyldinavens
WnanmsiaeiTunawedivae ladaauni

Ep = ﬁﬂexp [(ZLLD) -jmt] Eth

XY,V PSP AE tRE,
E=)————wF,; CEp =] G

I-xgv, P

E grop *™% e
E(lrap‘ "

» _{(x,.vzxaya PraS3p5a¥s PraP % 55sy; PraP Ol iyn Py, !2)’;13131‘“?10-312]
T 1-%,¥,Pg

ld r a o d 2/ ) G'J' v
JUN 9 avuansmudiusvesauuliv iimngasng 9 Yessssunisuduiewuy
- d o 1 d =3
W (PANDA Ring Resonator) ialdlumsdnnamdsumsiudeulemafasnme
= [1Y o = c.l"
Falasiunawaiinue AAatuluszuu
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NN 7(1) Pruduiusiediamandivnitstosdygnand wesdesdnygna
or 32 . = '
11880 YaIsEUnIImUdLBILULLaraTaYU (Add-Drop Ring Resonator) Aigasa 4y
sEuvEnIaesuadeaunisare LUl

fia 0 auay b 'luiﬂ'm 7 (%) aunadlwifin Electric field) wanwisaunns? (2.18) uay
(2.19)

al . L
. '—_'Jkn'—
Ix(ZE, tyix,z,B e ?)
E = ;
. o {2.18)
Ixyx,y,e?
.J,"E_jknk
B = XX y,mE e 22772 4 jx,2,E
b= —-L—_]LnL {2.19)

1-xy,%,¥,€ *

fuUTanesdagasesiny (Through port) Aaunwlwfinuansdaunnsit (2.20)

_al ik L —EL—jkﬂL el . L

N} 37
[xy, -xZxy,e £ — X V1%,¥,8 B —xx,z,z,¢ *2 " ’E
E,= (2.20)

"'E]-"'Jkn[‘
1-xy,X,y,¢

Tonfismpsmsduvesaunilngh Electric field intensity) TUsnnesdym ey uan
ar =
AeAuN1SN (2.21)

_A-B-C+D (2.21)

TraivusApaRaasdaunIa lULawA

25 Ll A ey
A= X?Y% 1212X2Y1Y2e iy XBYT 2Y2e “X1Y1ZfX2Y2e 2 2 +X75y5e 2
- 3o g ]: kL K
+X1Y2X22712Y2e P oxyxye “"‘1"2}’2)f2212 € 4 "3 +XYiKy,e "

oL L 3oL L
3,.3.2 2

kn —L 32 +ik,
B=[x'x,zZ,y,€ 22 2-XZXZY,6? —X X VY,z7.e * 216, By

_aL L L 3a L

Hiao Lk, ——L-ik=
C=| ,yz2,e 7 xExizy e iy e Bk,

D = x’x2z’z2e” 2 E2
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——LﬂknL L-jkL 5 2 2
F=1-xy,x,y,e 2 —= XY X,¥,€ * +X1Y1X2yze

wazAnewruduvo syl (Electric field intensity) fiudtn Drop port Wasasa
=
#Un15% (2.22)

[~ al, . L 7]
Skr ikt |
—XIXZZIZZEE;—[— XY, —X X2Y1zze 2Y2X1 i© add
E. =
Drop gEL—jknL
1-x,y,%,¥,¢
(2.22)
=3
Laer =Euep iy =2 (2.23)

o L] A ar L] L 3, i
Tnemvunseefinaasantsie WTlaua

uLL

G=[322E +xXyZAE B 6 % 2 Xﬁw&@&ﬁﬁ@ﬁ%@ﬂ%“
PRy EEE B AR oy AR
AR T B iy,
ST B Bt AR

Ry ™

-—~L+jk L “Sr=jL

F=l-xyX,y,6 2 7 = Xyx,y,e?  +Xyixye™
x=yl-1 . y={l-% , 21:\/'(—1
X, =\!1"'Yz , Yo=yl-x, , z =\/K_z

o A P 27 ¥ & @ W
Lﬂ@Wﬁ]Tﬁm’ﬁgUU'ﬂﬁqQLLW':!U“‘;‘U"]E]LLﬁS}'EI‘U?'WNﬁﬂ\ﬂnﬂ igu‘Uﬁ]3@@11.331]?]@\?}\1““’31151&?“9\1LL'U'U

ar

v Pl ' 2 ' w1 &
wwwe 9ngUR 9 sraunsamenedivesauntlniudsryadsgd 4 dwisludl
[41,[6],(13]
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ﬁqmﬁ 1,2, 3, uagd lugﬂﬁ 8 Fhessaunu i (Electric fields) uansfsolui

B AE, +BE, 2.2
I e ‘
WPl 2
E, = [Xﬂz X3¥3P, X 5P, ]El (2.25)
I-x,y,R
i (X,¥,%,¥, PL, —x2y’x,y, PL P, - x5z5x,y, PL,P)E, ]
E, = +i(x,z,PL, — :‘{2)(2}(3231:’148131).Eiz (2.26)
1- X2Y2P1
E, = X4¥a— XiYiPz = xf'ziPz E, (.27)
1-x,y,P,

MTnsdiyg ey (Thought port) deesaumiing uanwiseunsi (2.28)

GF -~GFC-AHJ (FI-BH-CI)
= E + e 2.28
Fa [ F*J-CEJ ] : [ E(F-C) : 228
fusvatesdaanmenn (Drop port) AwesguLlnHY uaneisaunns?l (2.29)
K(F—C~%%)EH—LAEQ
E, = 2.29)
o M(F-C) (

Tngrimunsiesiinansiaunssaluiflau
A= (XlzlpLs —X2%,Y,BPL —x2%,y,BPL, +X2.X,y,X,y,BEPL;)
B=(xy%:2:%,¥,PL,PLs —X¥:%,¥,%525%,¥ B PL PLy — Xy, x,Z X, y;P,PL, PL,

+X1Y1XzY2xsz3XiY§PIP2PLsPL4 - le1X3Z3XiZiP2PL4PL8 + xly1x2y2X323XiziREPL4PL8)

X Y% Y X3Y5XsYa (PL4)2 _X1YI)§Y§)%Y3X4Y4P] (PL, )2 —XIYIx;éXS)%XﬁythI (PL, )2
C=| xyxy 27%3’3)‘2}'2% (PLq)Z +X1Y1X;Y§XJ3X§Y?1P L (PL, )2 +x,y1x§z°_;x3y3)§yanI; (PL4)2
_X1Y1W2X3Y3X§Z§P2 (PL4)2 +’§Y]’§Y§X3Y3X=212§P12P2 (H—a)z +X1Y1X§Z§X3Y3XEZAZ;P12P2 (PL4)2



F=1-x,y,P -x,y,P, + X,¥Y.X, ¥ PP,
G=x ¥, -%XX, V,V,P

XX, X3X, Y, Y3 4Z PLPLy — X0ViX,X,X,, Y52, P,PL,PL,
~X,ZiX,X,%,Y,Y3 2 BPLPLy — X3VIX X:X,Y,Y,2,. P PL,PLy

H = j| +X;X,Y3Y4% %37, B;B,PLPLy + X;X,Y374%, %57, PP,.PL,PL
' —X3ZyX X, X3, 2, PPL,PL, + x2x222y?x,X,y,2,. PBP,PL,PL,

2,222
| +X5X32,2,%,X,Y,2, B P,PL,PL,

2 2.2 2 2,2 2]
X1X3X, Y47, 7,PLg — X, yX,%,2,7,P, PLg — X,7,X,X,2,7,P, PL;
_ 2, L2,2 2
I'=— =%, %,X,2:2Y, Y, P, PLg + XY, X, X,¥,7,Z,P,P,PL

2.2 2
HXYZX X, X, Y, 2,2, P P PL

J=1-x,y,P,
K=x,y, (1“X2Y2P1)

L =x,%,y,7,PLq —X;¥5X,Z,PPL — X32,%,2,PPL

L

=%,
o=l=1 o vtk Lz
1-x,
-k, ,  z,=+x,

a o
5 Fr—Jkalr 5 lL—ikaly
— 2 - 2 . _ -
P =e , Pp=e . Lg=2aR;, L =2aR;
o . abp Lp elp Lp
—ZLp-jkLp e L =ik
PL, =e 2 , PLy=e22 "2 | PL,=e 2% 4

lnefl &, k,,4,&, f8 intensity coupling coefficient 7,,%,,%5, %, Pa fractional

coupler intensity loss 4ag 0L A9 attenuation constant BN IUFUNDWUULWLAN
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A o @ W a o =y
doRvsanssuvmuduTsuuu lurasifssnnsddeSwnaasiivum
o3 ar ar q‘; qi = ot 1
uihalananswenawmmninaesssuy siimsnudyana fuiuivinadnamnsivue
» o X = o & e » ¥ oo o
rmdvesaulwihiigedu wasifiefinsinwmnuduiosuuuunuii andeuiilununds
= ] v o & o da oo X
waaslugu?l 1 sanasshdmrudivesuiniinsuduanusuoum amuiisifudy
v o = - = v = '
Tnanaszuandlyiiiviuunil 4 disrwnurasssuuiidnnnnimiasBenit Wussuns
WMILRUBKWLAT (PANDA Ring system)

ATHNATRARBN T WM AdUB S INaRE S YA (Equation of Whispering Gallery

Mode condition}

P © R ar
nsavBsauinihaun o wmms iz uusEUU WU LB IUY
uwugih (PANDA ring resonator) [13] agamunsaiidmesaulwiluldlunsmenggn
. - . . = 1 k3 A wr 1 ¥
(Maximum of Electric field intensity) U3lausienansvesszuvawnulfainiteuludwaluil

B,(0.8) _

at <a
oo P {2.30)

o £, Wuraumlviiaftandt 1 wandluguit 8, o Aefrivavwmuuwusluzuuuidn
w3nTyUaN (Cylindrical coordinate) (2,9, Z) uay Aoynvesssuvisnuiisuiy

0 < ¢ <27 diovhmsudannsi (2.30) sgAmTIMIAIINYasEIN LU uUR NS
(p,#) luidandvumiuilei®u E (0,4,2) dio z fudwned aglder auniliihgagad
E, . (£,9,2) fifalussuuiwmuunus saidlomaansudaunsmeaundladi £, 994

v & or ar =
sTuUIImUNIEIY sviljlnuunimeniwesssudlndlfsdiussuunsiassuendilzey
o1 = w & o i da
assnans neaTiseglugusuunsInssuending selusunnseiuusimanlninfieiny
T |
igUUﬂﬁwauqﬂﬁumiﬁLlﬁ’u’?'ﬁf«ﬂﬂﬂiﬂﬂﬁﬂU'ﬂﬂﬂﬂﬁﬁwﬂ'ﬁquﬂlﬁEJUITJEULLUU“U'@\??’NW]?

Helmholiz's wave equations [36] wanswialuil

V' Ep, ¢, 2K Ep, ¢, 2 =0 (2.31)

TE(p.4.7)  15Ep, $.2) 1 PElp. $.2) 2 EC.D o, 9,20
4

op’ p p p* I
(2.32)
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= a ' o o . .
aunsi (2.32) uwandiiuhaunisedlusUuuussuuiifiansensguan (Cylindrical
R ad v = = P )
coordinate) wagSuiauntsn (2.32) lunendinemand avagluguuuu msuendiusenau
. . <
(Separation variables) uanslugunisn (2.33)

E(p. ¢.2) = R(p)D($)Z(2) (2.33)
Tunsdit p<a R(p)=C_J(k, p)
C,., k, desnsdl dau J (K, p) on Bessel’s Function vesieidy k, o
oy I=123_. .
dmunslanevasileity ©(F) eglugiuuudsii
D(P) = 4, cos(mg) ;m =1,234, .. (2.34)

I A‘ o a ar 3 él
wagAIMMUNLTBIN LR RNz UenfeHn Ty Z uansiwialull

Z(z) = sinh(kz) 235

o ot ni 1 A L
deheadtuainaunish (2.33), (2.34) uae (2.35) unuAtluaunisi (2.33) A9vamnsnaua

1 = 1 f - e
LaaEJ?Jmﬂ'aau'\ﬂwﬁﬂwaqhszumqLm'auuwummaassw'l,ﬂmwaLaaﬂasaﬁmsflum*uamalﬂ

RUUMADIMSAINAEATENSUSZUUMEMILUNUAT ( Mathematical Modeling of
PANDA ring resonator for WGM conditions)

navhderou e msunamssuesivituauminifogluszunnumuduies
wuvwwud [13] Weunusastuaunisd 2.33) wiiilosnndraunalifinlussuuisemu
w1 aansamldainaunsf (2.24-2.29) faiu snauniliiiinlluduresdyye
YW (input port) vasszuu Tunsnaseainazaglugduuuimdidou (Gaussian pulse) 3o
TaBinau (soliton putse) wafildrhaunlihitinlsinasdoadeuliogluguuuy uwushaes

a
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_4mcosech(k,, L)J, (k,, p)cos’ (md) XK
El (p, ¢) B ﬁaz‘fmi—l (k a)

mn

\/ 1-2x¢ 2 cos(k,L)+e “Ex?yl

[WA"M [EA nmp)[ (—‘—{;ﬁgjpz’}@] (2.36)

g 2(B+Cp*) 4B

A=k: kiw'n} p2 B=w'Iln® C=

o ' = Y 5 ¢2 '
AURAIA sasalul wuAasadty (2.36)

uwazvhassesnmewatintsduiinfaflsiiuuaea (Zakharov, 2009) Weglugurasweyniu

5/
=

wialaaslansdl
f - A4 Clsly, .20 2p° 4 C
lJ'"(k""’p)[p [2(B+CPZ)T4BJP }d " °(k“”p){ (B+Cp2)T4B]

p p A C | 4p A4 C
+ 4 | ——t—
(o )[km, ko,,[z(B+Cp2) 43} k3,,[2(3+0p2) 4B

ar 4 o, ar a o 14
annsadngUaung (2.37) Tailieglugtauntsidsaienuazanlumsuidamle

(2.37

o
U

A4 1C 3K 34ky, 3k C 2k, | 4R, K C
—-I—+ +—= |z+ + s zh—j A=t — 1 =0
2B 4B 4 88 16 B 32 168 32 B (2.38)

e z=p" Atwihnmsmdmeuvesasms (2.38) lnglinalaevosannisiidseny

az* +bzcz+d =0 910 (2.38) Inelsudilssavd e

4 4 2 2 4 2
a=| o ko, C| |34k, 3k, C 3, | | A 1C 3|
168 32 B 8B 16 B 32

AL UNALAAEUOIFNNTAIRIAINAD

p=~f=\]§/q+[q2+ (r~p2)3)+§/q-(q2+ (r—pz)g)ﬂv (2.39)

S S
P=rgd=P T Ty,
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aumsil (2.39) gnéumuaSausnlng Cardano Will 1545 (Schechter, 2005) 9Mntufmun
AAsiing  Tusunas (2.36) Kol

wa 2z
L=7,xl= 1—}’1 sy M= 1'-'K'1 ,k0=—11

by L feduseuisvenswmnudiiownud, n, feedsindaduvesns, n, fe

I o o ar . &5 nz = 3 or = ar
i waresansmildan n, =n,+n,l =n,+| -2 |P lay n, femdviiinm
o
wuuliBaduvetans dwl was P Aemudiuwasfdwemasdildlussuunnddu | 4,
1 a P a ] q |
forusnyAgageanrsuadiddnluluszuy, 4, fermusniriunansveswiunasild

Tusguu

5 3 1 E= d = y
wgagiursulniigearieSenimasinaameReulsiane Swnaised
Ty (Whispering Gallery Mode condition) ansnsaunléisiadl

za
dcosech| b, —
Epe (0,9) = (o,, 2) i
max \ 2 @7k, a) @,
1-2xpe 2 cos(k,L)+e “xly? (2.40)
,/k , A 1C
Ll (ko,,p)IJ Fon P e+ |2 |dp

7 2(B+Cp?) 4B
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e v o or ar .
sEUUTBIUIdUB UL LW IiUgaURL (Cascaded PANDA Ring Resonator

system)

I o o o v I ¥ o = & o o =
WUIsUUMMIRNI L UEUW DI UAN mmauﬂuluumm[ld] WIDLTENDALUUNL
= ] o 4 o P <t J = B oy o ar
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fifldmisnunanimdsnBamdsnslussnauvewsaning aeluvaeaie s1ned
grungiiviey

A ‘yl o 1 A 9 ful; £
U7 10 uannwwuduioduguiuusig 4 Mbhwunluglnsaiduiiugy
2 o e o '
TivigUunyal tATeALTRYMIARUUNETELN

ol £ Y ar o
AN UULARTBILY ﬂuﬂqﬂwaqﬁﬂql'Jﬂwﬂﬂ‘Iﬂﬂﬁ'lﬁﬂ N uﬁ’;ﬂﬁuﬁm BLU'Uqu;h (PANDA

Ring Resonator)

MTTUUVIDNUMILTURBI VUL Yaiifsgnnyianofwnaassivus
awnsewinnudire sl iunamsinans (Center of PANDA Ring) fuansinlugy
11 way 12 lAsail
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Whispering Gallery Modes Peak

o ar 3 s 5 = = =
FUN 11w s udunsanuuLwua (PANDA Ring Resonator) sausifinanmsiaadse
unALEBTLVLA

Whispering Gallery Modes Peak

= e [ . 2]
$UW 12 wans szuulwriudunasuuLiua (PANDA Ring Resonator of Systern) #
191 1 sEuvsnziisangiadossmnalasIuue
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e 8igrial of Centar of BANDA Rings
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=t ar
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Gas inlet

Gas outlet
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Gas outlet
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FanBdavwuunaisiulianienan (Finite-Difference Time-Domain
:FDTD)
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= 1 ar ar o o 1 ) 2/ 1
ngui 17 lumamesyfusvesileidu 1 (x) dwmisle Ty szldmamnmanng
vasmswnuAmesitaidy /£ (x) Tuuinalndifesie x+6 war x— & uazli § feffosunng

o 3 1 ar o o i v o Y] 5
iy azasnsalssInumayusis Al x 1§ Susnmsnssneflaidunuumdieesseu

EX
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v x Wuszesvings  lased

f(x+5)=f(x)+5f’(x)+51!~52f”(x)+w?;1~!53f"’(x)+... (3.1)

f(x=5)= f(x)—&f’(x)+2i!52 F1(5) =58 " (). (32)
eun1s (3.1) aveensaunisd (3.2) wwlé
F(x+8)-f(x-5)=25 f’(x)+%§3 ()t (33)
aguaunts (33) senameie 25 aeeaviawnTs

f(x+8)=f(x=6) .
28

F(x)+ 8 (x)+... (3.4)

PINEUNT (3.4) Funaldameniiovetaunisidwiv 2 Ussiaminsiusuie waudlil 52

FY g 1 1 o w o i ] =
auaglaud £/ (x) waewai®ll 5% aney laud 6277 (x) wasdwuiigeduly Wesnn & 4

° 1w 3 ey v o o as
Avuadirnfaeun « vilimaiiden 6% dewesmnanlusie hldamnsadnguuuuves

aunsldwai
flx+8)-f(x-6 ; o
( )25 > fi{x)+0(s?) (3.5)
! (“5)2"; =0) - i) (3.6)

NI lgNsUTEMATISE MAReuTesaNNITIUNGIad MenuusanasTiuual Yee
Tutesall
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KUUDANB3IUYDe Yee (Yee’s Algorithm Model)
at o of ¥ © 3 =4 P2 o
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iy 2

PNENN1THITUAG ”V”’xE:i o a1 ﬂ@+6ﬁ (3.7)
ox oy Oz ot
E, E, E,

ol
oH._ OF
o H, +p—==—2= o, (3.8)
& o oy
0H, ¢F. 8E
H =l (3.9
e e
oF
oL L Py (3.10)
o dy  ox
RING
wavamanmsmemenld  VxA =10 2 91 Pt - (3.11)
ox oy oz ot
H, H, H,
Tt &= permittivity , o= conductivity ¥ihlviluudazdiuazlsdn
oH
N ) (3.12)
oy Oz
oF
oE, +e—2 - 9= Ol (3.13)
ot oz  Ox
oH
ok +86Ez = y_SH (3.14)
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ihdnszneulikanuugnusives Yee (Yee's Cube) azaliuldmugudnedng

1
j=
“““a%m; k=
- s, j, _]_
e
k i
iy pa
v 2
-~ > H,
J )
i “""E:;»k:@
N

A v & = (3 '
JUN 21 uanddnunizuesgnuirnues Yee (Yee's Cube %30 Yee's Cell) uazanumisung

awmlihuazauumsdvinuugnuied

ynguamsadunaldiviwminesaunilwihazeguinaneuvesgnunes du
1 i = = & o o o w g ¥
auwliwanIzeguInanmarvamiszsuugnuer sl WevihnisumueyWusienasin

| 1 T '3 B o
ﬂ‘ULuﬂﬂﬂt‘utmaﬁﬁluﬁ'IﬂJQﬂ‘U"Iﬁﬂ‘lI'EN Yee QSIWLUH

1 pd ] i1
H 2 (1 j+4.k+8)-H, 2(i,j+1,k+1) Hx+5(i,j+%,k+%)—Hx 2(4,7+4,k+1)
o 3 TH— AL
B+ k)= E) (L j+3,k) Bl (hj+LE+L)-EN(i, jk+3) (3.15)

Az Ay

1 ~ nel n—t
H:+5(i+§,j,k+%)—H: 2(i+%,j,k+~§)+ H, 2 (i+%,,k+%)-H, 2 (i+1, j,k+1)
m 2 “ Ar
_E? (i+1,j,k+%)—E:(i,j,k+%)_E:(i+%,j,k+1)—E:(i+%,j,k) (3.16)

Ax Az
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1 1
- H:+5(i+%,j+ k)— H 2(1+2,j+2,k)+ "2(z+2,1+2,k)—H:2(i+%,j+%,k)
m 2 Af
_E;’(i+%,j+1,k)—E: (i+3.5.8) Ej(i+1,j+3.k)=E(i,j+1,k) (3.17)

Ay Ax

O'E_::ﬂ(i-'_%:j,k)wE;(i+%=j’k)+5E:+1(i+%=j=k)“E:(i+%’j’k)

2 ) Af
i 1
2(1+2,J+ k)-H, 2(1+2=J k)_H;?(”%:f,k*%)"H;2(i+%’j’k_%) (3.18)
Ay Az
B+ 3.0)-E () +5.K) | B+ 5.k~ B (1) +3.k)
(o)

2 At

1 1 1 1
Hy 2 (i j+ 4 bt = B2 (= Lk + 1) HI2 (44, 7+ L 0= HL 2 (154, /+4,8) (3.19)
Az Ax
O_Ef*‘ (4, J.k+4)—E7 (i, .,k +1) . EXf (g k+5)—E7 (i, .k +1)
2 At

1 1 1 ' n 1
_H b k) =B (-4 k) B (L) -B (k) 2

a 2 P 1 1 P2 o 2 | ¥ o d
2. insudaunisfiunuasnassduionfiolvlsaunmsitalunsumuamiug dan
Avesausliwsauusimanludwudaly Somauuiiaum F33nauns (3. 15) -
(3.20) mmﬁ]ﬂlwaa’luiﬂﬂmmimusm Wanuanalade

a,,Af
2(’ J+§=k+2)“1+am . 2(1 j+ik+D)
2u
LM [E:(iaj+“%=k+1)—E;(i=f+%=k)_E;’(i,j+1,k+%)—Ef(i,j,k+%)} (3.21)
u(1+";+}’f") Az Ay
ned Imht 1
H, 2(i+3, ) k+3)= 1+,2’,§;H 2+, Jk+9)
Zu
LA [E:(i,j+1,k+%)—E:(i,j,k-%%)_E;'(z'+§,j,k+1)—Ef(i+%,j,k)) (3.22)
(1+02:.-“) Ax Az
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+ m

2pu

e A (B L0 EG 0BG LED- B 1E)) (50
#(1"}_0;;‘3:) v -
nteles 10 - 1_% 5,7
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il . Py Hps o
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Abstract. Plasma is a one of state of matter that is produced by applying energy into gas or
Huid like, where the ionized electrons from gas or fluid atoms to be free electrons. In this
paper, the use of micro plasma source generation by using a PANDA ring resonator is
introduced, in which the whispering gallery modes (WGMs) are formed within the center
ring and can be used to create the high power of electromagnetic wave for gas plasma
production. In application, the micro plasma source can be fabricated in small scale material
process or others suitable operation. In this case, the plasma source can be decreased to be
micro-scale device, where in fact, the common plasma source system size is large because the
high energy source to produce high power plasma is required. Finally, the detail of using such
small scale plasma source is discussed. The theoretical details of whispering gallery mode
and quantum tunneling effects are also reviewed and discussed.

Introduction

Plasma energy has become the interesting alternative energy for various applications.
However, the effective plasma source for energy is still in the early state, therefore the
searching for the better plasma sources in both efficiency and size remains. Plasma state is
occurred in the gas or fluid with low pressure situation, where they are absorbed energy by
the high-energy free electrons or electromagnetic waves. Electrons in gas or fluid atoms can
be excited from ground state to excited state when the electron energy in the excited state are
ionized to be free electrons, where the others neighbor atoms can be excited by free clectrons.
The conventional micro-plasma sources such as mDECP, mCCP, miCP and split-ring
resonator, etc. [1-7] were operated by using the electric current to convert the high voltage
electric current input from power supply to be the strong electric field or high power
electromagnetic wave, in which the radio-wave is converted to be the microwave wavelength,
where the gas molecules can be ionized to be the plasma state. However, such systems have
the disadvantage that the system is much larger than the proposed system and high energy
consumption.

Recently, Yupapin and his colleagues has reported the very interesting device known as a
PANDA ring resonator {8] where there are some works with various application revealed [9-11]. This
paper infroduces the micro-plasma system by using a PANDA ring resonator. PANDA ring
resonator is composed by a lincar optical add-drop ring filter coupling with two nonlinear
micro or nano rings on both sides as shown in Fig. 1. In operation, it begins with inject
electromagnetic wave at specific wavelength into input port of PANDA ring, the relationship
between light source wavelength and ring radius(R) is given by

Py 2rR=mA (Eq. 1)
where n.yr is the effective refractive index, R is radius of center add-drop ring, m is resonance

wave number and A is wavelength of input electromagnetic wave. It causes the resonant
phenomena in the PANDA ring and generates the whispering gallery modes (WGMs) [11] in

371



5" International Science, Social Science, Engineering and Energy Conference
18 20% December, 2013, Pavilion Rimt Kwor Resor, Kanchanaburi, Thailond

I-SEEC 2013

wanw.iseeo2013. sem0,ac.th

a center hole of add-drop ring. WGMs waves excited electrons in gas molecules and ionized
them for become plasima states. The energy transfer rate of WGM wave in PANDA ring can
be calculated by [12]

A
]—3=-L (E'XB)dA (Eq. 2)
Hy %

where P is power in PANDA ring hole (W), E is the electric field, B is the magnetic
mduction, i is vacuum magnetic permeability and A is effective area of PANDA ring.

linput: Sign

Fig. 1. The visual concept of using PANDA ring resonator as plasma source

In Fig. 1, the common laser source, for instance, a commercial semiconductor laser which can
be embedded fabrication incorporating the PANDA ring circuit. The WGMs can be generated
by controlling the device parameters, especially, ring radii. After the resonant conditions, the
gas particles are fed into the center ring(cylinder), where the trapped gas particle(electrons)
are accelerated by switching WGMs, in which the increasing in particle accelerator is
obtained by using the cascaded PANDA rings.

Simulation and Resul¢

In this paper, the simulation resulis are obtained by using the finite difference time domain
(FDTD) method, which is claimed as the simulation experimental results because alfl
parameters are within the realistic device parameter ranges. The simulation model is obtained
by using the MATLAB program. The PANDA ring resonator is made from InGaAsP/InP,
where in this case the PANDA ring radii are; the add/drop ring radius is 2.0 um, the left and
right ring radii are is 1.0 ym, the thickness of waveguide is 1.0 pm, and laser source fmput
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power is 1.0 W, with wavelength 1.68 pm. Results obtained are as shown in Figs. 2 and 3,
which they are the normalized intensity of signal in PANDA rings input signal incoming
from input port, which the results are in the steady state in 942.8 fs, with WGMs peak at the
center of Add/Drop rings is 70.8% of input amplitude. The energy transfer rate of WGM
wave is accounted for 50.12% of input power. The energy per unit volume of WGM wave
from PANDA ring can be pumped up by the cascaded PANDA ring, where the increasing in
the output intensity and the electric and magnetic field strengths of the input electromagnetic
waves can be obtained. The increasing in photon energy is obtained by decreasing the input
wavelength laser source, where finally, the ionized gas molecule is changed to be plasma
source, which is schematically shown in Fig. 4.

Color-scaled image plot of Ez in ring resenator with PML boundary and at time=23585 fs
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Fig. 2. Result of the WGM generated by a PANDA ring resonator, where red: Going out WGMs,
blue: coming in WGMs, where there are some leaky modes around

Color-scaled image plot of Ez in ring resonator with PML boundary and at time=23585 fs
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Fig. 3. WGMs generated by a cascaded PANDA ring resonator at steady state
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Plasma

Output
Gas Input

Fig. 4. Schematic diagram of a micro-plasma source, which is constructed by
a cascade PANDA ring resonator

Summary

We have proposed and demonstrated that the micro-plasma source can be obtained by
light propagating within a small optical device known as a PANDA ring resonator, The high
power plasma source can also be obtained by using the cascaded PANDA ring resonators.
After laser beam is input into the firs PANDA ring, the continuing accelerated laser beams
can be employed by the cascaded PANDA rings, where finally, the required plasma source
power can be obtained. In applications, such a proposed system can be constructed to be a
large area system by using the small scale fabrication technology, in which large energy
power source can be realized, where the use of power source for small scale plasma source,
beam accelerator, display media, sensors and vehicle power source, which can be benefit the
cnergy consumption demands, where the use of new type solar cells can also give the another
advantage.
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