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ABSTRACT

Cancer, one of the leading causet death worldwide, has forced the scientific
community to focus on finding new treatments, preferably Aomasive.One of them is
photothermal therapy (PTT), with the use of nanoparticles (NPs), which has gained interest
in the last decadePTT can beisedon its own, as a standlone treatment,or combined
with radiotherapy or chemotherapywhich can significantlynprove the RT or CTx efficacy.
Jecifically, incident electromagnetic radiation (laser) the targetedtumor causes the
conversion of thephoton energy into heatThat leads to local hyperthermia, and therefore
cellulardamage odeath, in adlition to the radiosens#tion of the cancerous tumor.

Focusing orthe hyperthermiceffect and taking the ability of the nanoparticles to
absorb electomagnetic radiation into consideration the present dissertation will
extensively study the absorption spectrumf NPs Through two different computer
simulations, in Wolfram Mathematica and in COMSOL Multiphysics, two nanostructures
(nanosphers and nanoshelly will be studied and compared with experimental data.
Subsequentlytheir absorption efficiency will bealculated based on the type of structure
and the material from which they are made.

Afterwards a third simulationdeveloped through COBIOLwill make use ofthe
results of the absorption spectrunin order to investigate the increasaf temperature in
the nanoparticle infused tumahrough laseiirradiation.

All of the above leads us to the final outcome, a protocol of nanopaitiakedPTT,
via in silico simulationThe computer simulation, ai$ will be described, may precede an
experimental study or clinical trial, minimizing errors and mistakes that may occur, and
optimizing treatment in practice.
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Ol eEveEPYyeETIL K{O O0pagel o 1060 KeppuotTbOBTAOG QT
OpXOl OTAT WV XPOV WV, OOOUKPIETRA VPO O QO MU OGS XE T O k
KEPHMOKPOCI €0 MPOCMAKO@QPGCOV VA KEPATEQPCOULV AC
OVaKOUL@i Couv TOLUO TOVOUOG, €@OCOV B KEeEPHUOTOT
ai patoo kKoadi aPooNdYYDEAOPUIVO KeEPUOKPOACIi O CTO
o@ei ANetmuople T¢OE) Gl PpEPO OPinNeETAl WO ULVMEPKEPMPI O.

AvgtOpd optcgudlveo, vmepkKkeppia (HT) e€ival 0
TOTII KA | C € OAO TO ¢l pa, yiaoa T1Lulo HPEYAANQ
KEPHUOPUKHPUI CTI KO pPOBXAVI CUO TOpOVCIiWOTOOAKTO oy
TAa00 wpliv. oWMtToQEOrRenuvtTEeE TI1 UL o KaPECKkDboaci a
MO XPI % 4.1 I b CUYKEKpPL ULVO EQPpPpoOOC KEPMOKPOACGIi C
BroAoyl KA @Al VOPdEVO (TOO KOETTOAPO TA OTOI O KC
omoi a od¢€v cuopumeplt AapyBadvouvyv TO KepPUOKAULTOBPI ¢
@Al VOUEVO OULVUTAGKEP@QpPpoegVYV UEYyAQ O@TEpPET Twv 50

H vmepkeppia Tao TeAevtaia xpovia {xel MTTE
COpyaviti kK6 Topla, CTOV Kepoamei o TOU KAPKIivouv
GOAANEOC KepoaTmei €0, OTRHO KB 1 o KOT | XvOOIKSEE IIPONKIETPOIORITT EQI 0O , (
OULVUTOTEAI Kepameia (o6mouv ¢10Ov mepimtwgd avrti
HIEXpl °CRa.l AMWBT SO o@ei AetTawile @ T®E Waa T ite(op epple kod, Ot p

EK TwWVv omoné®v omaaevkidxtew) &1 ATl ¢T WK € i TTEL PO MO
emi dpacgb TTOo U (Xel CTQ KAQPKIL VI KAG K@TTtapa.

moapatTOplL KOBKE 0TI IO K acdvoapquttpaldl Y1 P X @B €gO0, M D K K6
KQeTttapa, TO omoia ¢T1Ov mMepimTtwgd TOBOC aAKTI VO

XOpuelrokepamei a TO OGOVTIKAPKI VI KO @QAPUMUOAOKO O1 O
£ 9K O\
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O1 OAAay (O TOULU TAPOTOPOOVTOAI Ce€ KULUTTOAPLl KO
KEPUOKpPOCia ¢T1OBv omoia {Xouvuv e€KTeEKei T1Ta KOQTT

ABAadilKewpipyoKpagi ecCmbappimtoxaxiaed®cO 7100 evr
dpdkbua TeEPHUOTI CPHOO, TRaG!I OO O frifpwwamA®Ed Tat 11 &
aANOi WCOH Twv TNpwieiviv Yl afgk@RKEGO Kmov afiémp
(mpoypapypati ¢culvoo KUTTOapPI KOO KAvaoatoo) T WV
@UCIL OAOYIL KL Y1 O TO WWIVII KKIQ OTEQWP ¢ bau3Nd vETn a Kap

OL KapKIVIKOi O6ykKol Tegivouvuv va (XOUV KOKI
el vail TTL O €vOi ¢KOBTOI CeE MeETAPBOALO TOHO KEPMUOEK
KeppoKpagi a, B KUKAO@QOPpPIia Tou Aai, J UEO U TIOUA W €
KeppoétOta va draxdletal MTI O €@OKOAO (CTO ULUTMOAO
Tol 1l K& ylLa ToOoV 1CT6O, mpaypga Touv O6&V CUMPRBOI

HImopo@eVv va d1 aK{CouLV dAPgeECO TO KepudtOmiomad & c
MTOU PBAATMTOUV TO KOAOPKI VI KA KQETTApPpA.

STO0O MdlLKpoOTmEPL BAAAOV €V @oeiKWOPIKI YOKHOYPO ,KLI T &

K@TTapaoa autd PMlCw 1TOB0o yAukOAuvugbBo, mapdadyetal
K Ol CuCCwWpPpEPeET Al . To O6&I1 vo Ka @KIL TTTA G P O B 0 1Tk §
K@TTAapO TOU €KTiKegvTal Ce LWOALO KeppoKpacgi €
O0eEXKOG@OV, OA@I VOVTIOO TO ULUTMOAOI MO K@ETTOAaPO CX€EOC
omoi €0 €@appoénetTal B vmepKEPHUI a.

Mga plxplt KBgpavoaovael uvodukrgprOIKWEKK@M@ PO OETl Va
vmoé&l Ka (mMoOUL TO KAV eIl KeEpMOELOI ¢CKBTO OAAG a\
B Kepameia avrtl dev emlL @l pel mepalt t{pw TOE
cuvouvaguod pe T O va OCKOTH oVWOTKI EKPOO TRETEACO (VT B K e paTe i

Eni ¢c0oc Kata 1TOv vnmeprmeEppPpupavooaplobegeihpquonyv Ke

K@TTapa TOULU KEepUOivovTOal VDTTOKEL VT Ol ovgl aoagt
mapoatBpei TOl ETAY WY I THSH T, e T Wil V O KEIPgIad K OT@ O @ DOC
K@TTAapPpOo amo mepal 1T {pw KeppotOBta. TevikKd ¢tov
TO @Ol VOPYEVO OULTO, KOKIi O O HMOVOO TEeEPILOPI CUOC

i pead-72R8ulxpl TOV emopevd Tk gpgangdi o, 1 6o KEeE@q 0T
O0BbpulLovpyl KBKE EVTIOO TwWV KULTITTAPpWVYV Vva e€ival
cepappocTtei Ea¥d vmepkeppi a.
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SXe€TI1 K{o (peuvveo mou {ylvav ¢c& Pdepl KaG €i o
Mepi MTTWCOH CUVSUVAGCHUHO® OKTI VOKEPOTE( aBmMoue v e
(ylve (¢€&€ MHYdETACTOTI KO KoOpKivo (¢gtadio 4) CTC
KeEQ@OAL 0 KBl dSNOQOLP@E PeETAaE@ TWV OAMOTEAECHAEAT W

vgop pe RIPusHT@ v aRTniTav a1 o¢Opei wt o, tTa 5 xi
TWV OCKEVI V, B cquvdvacgT!I RTplusHpe g oa ey D@POI K
(ANeyxo 160 TAa&EBO TOL 68,6% €V avil KI{CEI VIS
mogocumw P24, 2%. Enmi ¢c6o ¢t1Ov idira {peuvva armoc

efaeavi ¢ TOULU OYKOULU (€& Oo¢cKeveio mouv J{ylLve X|
MEPI MTI CEL O OKTI VOKEpPOATEI 00 KOl VTTEPKEPMPUI OO
omotTd{AecBuamukKaowotTOta e€ml Bi w¢gBo Twv ag¢Keviv (
VTMEPKEPPUIi O va eTtacel 1o 53% avii T1Touv 0% CTa

> € {pemyw TPAYHPATOTOI | KOKE yra <¢coykKplL c¢®H

OKTIlVOKEpPOTEIi 0 HOopwimmepwoepEiTr®d»Ryvymapl oxl 100 T
KapkKivoo TOU OpKOGQ®, TOU TPOaX!l Ao TOotaptl T¢
amoteAlCuUOTO 1 TOV KOl €01 EVKOPPUVTI KA. >0\
OYyKOUL (¢T16 conplgterespons@ ( T av 3V 1%v oykKieap aatk | a K Al
OKTIlVOKEpPOATEIi O C € CLVv &L aeuyoa A T € pote prTOP @ A @ ¢
XPOCIL HPOTMOIL T VTOOG ULUTEPKEPPWMITOO UT aTppOOT 01PN OKUO KTEB o TOIV
T TOCOoOCT A TO0 mAlL pBo avi ®RTKGkK p IBRPEUSHT.cOU Oy K O
Enmi ¢c6oc 1o 2005 peAeti KOBKav €TI gavwramg &8KOIi o}
OCKevei o, OTMOU Ta oamoteAlcupata T1TOBo TmAIL pBO a
mouv O(XKOBKaAav pPOVO OaKTILVOPBOAIL a, 4 2 %, eEVIi CT
VImMeEpPKEpPPUIia, 66%. A1 o¢bOBpei wto yeyovoo amoT A
MAaPEAKOV aKTIlLVOBOAIi a, T T O POOWTCIi qoTNOaI VX O | €0y TDOATQET Ae L
Il Tav RIkK &1% GRAPIUBHA). 5(
'Kapkivolr o1 omoiol PBpigkovTal ¢TOBV TeploXl TOO CTOMC
Kopkimoewv Bpi ¢kovtal ¢tov g€yk{(@aAro, Ta PMATlL O, Kal TO O
TomI K60 (AeEyXo00: STOKEPOTOi BCO TOHO aVAMTULUEBO TOU OYK
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TUMOR REGRESSION RATE AFTER
WEEKLY TREATMENTS
UL L
YTy vy
100 '
= ~«—Radiation alone
-
S 60
= adiation
= plus
= 20 hyperyhermia
X

AN
0 2 4 6 8 10 12 14 16 18 20

Weeks after therapy

Figure 1. AnokpLlon tou 6ykou os RT kaOwg kat o€ RT plus HT o€ £épeuva nou £ywve o KaKor0eg
HEAGVWHAL. °



|t ergerycadq yrechecyet @68Ba1ytset yoa6 3639

Y11 g1 QOYIREBI, Mt LVzrABRYM[ RM[ 9 | Y

YTapXouv Ol O@OPETI KA €i 00 vmepKeppiao, OT
Mol Ki Aovv. H e€mi Aoyl TOOCUMEWEEO@EERODOOYEQUPT U
Kaki o Kol To PaKOG ¢TO0O OoTmoOoio PBpicKEeETaOal

T Tomi K1 VTTEPKEPMI O: K{PpHUMOAVCO pIL KPT V gLV

auvtTo@ao ¢€ival €E QK OMOBOI HOKO P KLiTVOOTIP OKIE @ O AEITE
OY KWV, KOapKIi viovoo ou 0ocl TCoo@p, & yKooup) K
U Emi gavel aki VTTEPKEPMUI O: EQAapPpUONET Al

Kaicmodnd 10v e€mi egavela 1oL d(ppaTOO.

U EVOOKOL AOT I K VTTEPKEPUI O yi a OY KO L
Kol Adt1tBteo 1TouvL ¢Cipatooc (opkK©OG, o1 ¢OoQ
mpoC¢PcoegBavtTo@o emitTuvyxavetoal PICwW €1 C

U Evdoil ¢TIl KI UmepKEPPIia: ¢1OBvV mepi M1 WC
K Ol (t1¢gl X PO Il PO PUoKILVIKVETPpODOTT € T @ & V 1 (KK{aK €

METAAAL KLO PBeAdbveo) YyiveTokie po@i 0TI
BAeEKTPIOdT B OTOI ACOI MTOTE TMOYL O KepPoO
XPOCgIL pomMmolL BKei .
T Pepl oepl KiI VTTEPKEPMUI O: MTtav 0 (¢CKOMOO €|
M{CpPpOULGO TOU C{warTtOu@a pOo OOTAWOOK A B pB TE P! 0XI (

KAMol o OoOpyava. ZUVI KOOCOEROG@ I mgudi Ttewyxte 1 g
K Ol MEYAAOO. (KapkKivoo TouL TpPpaxli Aou TB6c
MPOCTATO, TWV WOKOBKI V)

U AL eyxetrplrtTtil Kl VITEPKEPMUI O rivetal a
KOKI O €VOCWwW XEeElpouvupyeiTal 0O AL KEeEVI O,
evipyela moOLU KO Touvu egvamotekei. (pME

U YITEPKEPHUL KI Ol axvgho: M{poo TOULU Oi pe
KeEpMaAai veduoayx kala l Eava CT OV TEPIL OXI
avél couvpeE T 0O KeEpUMOKpPpOACgi a T0o0. UV ¢
XO0em okepamei a, XopOBYyi viao TO aAVTIIL KAPE



U Ev T W Bakeu : My K o1 TTOo Vv BpigkovTal
KEPHUAI VOVT OQKMOKEIE@amErk @ oBOABcO0 dev ¢
optTe PMLCW O6(pPpOTOOC AAANG O0@QTE KOl I CT

T OAMOQWUO vnEePKE@KEwETooi ol (XxXo0LV PdeTACTATI
HEAAV WM O, CAPKWHOKPPORIOKOV T @WY piw@K B KT V)
VTTEPKEPUI a amoTe el ML a eAmidoa. G KEepW-
K Ol ETI TPy X awemoxI{ T 6 ¢ 6 TOU OCKEVOPO (Cc¢
EAEYXB@EPWO AOULTpPO, ME XPlL OB KouvPBeptTiwv
OKTIl VABOAI a

tmjgAavy AfmMmyrdSrBy slrRJzmuoiJraeszry{BY J1Jz1evuvr vl

H BAektpopyayveoti Kl OKTlLVOBOAia xpOglLpupuoTmol
K al MEPL PEPIL KI O UVTMEPKEPUOI@OTI pAROGAL OydoTmaiodg B
eI AL E € 0O KOTOCKEULOCTI O TOO CUCKEULUI 0O TOUL K
€Ei 806 coenevébo. H amoppdéeBcO 1TOB0 mapayoupevoo
O@vapuBb coneuviBboc 6 omoia d1Loa@dpeTia o0eviad\Bd y En ¢

(Eekl vivioao amé 160v miocadqavapyd plxpt TOV TI
T 6 emay@eyeweodC
T 6 ¢coenevé&B akKTlVvVOoOPBOoAi ao,
T 6 xXwpBTIL KL ¢oenevéd
T vyarxBavi kKl ¢enevéb
Mgo mTMi o ad@vapmb €ival O qoneviob, TOCO Tl O
mouv O xeT@PO®@ ByKwWOpPpYyeEl a TToOLvL amoppo@AaTal ¢€i v
MTAaPAYyETOAIL K al OLVUTO KAKI ¢TAG TOV emaywyl KI C ¢
auvTa pTmMopEIi VO CUVOULACT € i petdRikd doodwauatidior, € X V | K
KeEppgai vovTiao TOVI WYKO@KEXA THow!l (KUWPil @0 KTWT 0 & T (
ETMI KEVTPWKOQPUE CE€ OAUTI T06 plkKodo ae&BCcOBOo T1TOO
H ¢oeneuvél OKTI VOPBoAiao xpOcglr puomol €i Tal CuL
EVOOKOIL AOTI KI 0 KOl EVOOT CTI KI O OMEPKHEAPUITAUTT O

TO TMapayopgeEva OBAeEKTPOPMAYVOTI KA KOUOTO TO OT
Kakettlt pa (1 Kol Xwpio av o O0yKoo Bpigketal ¢
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EmaywywKn AxtwoBoliag Xwpntikn FaABaviky

@Dvé =

Figure 2. Tpémot ouZeuénc °

H Tt o 1 ¢xXupl g @rPe VDA B awa lkan € 1 (vaoo KOAOO
MTPpoOPBAIL HUATOOC TOO 100ogPEPEETPVOGTI KOOKOAD 6 evp
OTMOPPOPATOI amoé TOV OYyKO. ZT1TCl O (Aeyxoo T8«
(ANeyxo 100 €vipyeloao TOUL TAPAYETOAI amoe 10 ¢
yiati B KeEPMUOTOTO TKOU €EeOTIION@ (VEETTOO | KT 0 V¢ TOW O
T060 KUKAO@QOPpPiao TouLu ai patoo Kol {T1TCl B KegpUC
EVOlL a@lpet . uvemMi o aKOPO Kal ¢eE avuvTl TO T1e

KEPHUOKPACIi 00 avVAd TOKTIK OY@MO KIAKAO TEIP@C TCIEW ATTpon,y Ml
YOABaOaVI Kleiq@ne ukiBa KaoAl Ao@6 Yyyea opé e Ki0g @y €t
I ¢CXUpPlL O amoppoeobgOBo evipyelrLaoc amo TOo 1L oAo

EYKOUMPMAT WY | OGAAAWV TaopeveEpPyeElLiv ¢Touvo uvyleio

Treatmentplanning /y 11 841 { B R3] M{UrB

H evamokecc9 KeppotTbrtao ¢ToO CT va TOU acgKEe
MEPL QEPIL KI O UTEPKEPUI aolasermITE PY KWWE T opladoy O DY
(RF kal HI KPOKUMAT WV . Ol O @ O Tl EOA €CLUTXOVI GO | ¢ TTOPEVO TK
EQOoappoOyl TOO Kepamei ao.

ST10Ov mepi RAQgOB oT VT WV , O aKTlIvoPBOABCO emI T
(ovgracgti Ka OBAekKTpOdl 0) , O omoia €1 ¢lpxetTal
KOKETIL pa.



Figure 3 - Zuokeur) unepBeppiag n omola XPnoLoMoLEiTaL 0To APETALELO VOGOKOMELD Kal
Asttoupyel ota pikpokupata (433 MHz)

FN o €mMIL @QAVEI AKI UVUMEPKEPHUIi a xXpOBCL PpOTOILl €i T al
omoi a PBpicgkKeTOl (&w amo TOo (i poop pkooytl  PGlTCow Ok up
Kal K{(ppOVCO TOUL €TI @QAVEI AKO@® OYKOU.

H™'">haA_ " ¢" oL’ ‘T @MeEAV T I WET WTTL CT € CTOv v

T
oGl peTpi a, OBOANODUXETOAMOOD OFyWRO@YyeIlT@ PAKOO T
KaTav { poeuttobid agv’'t K & 6 ok @t evpof O mpocgopoOi wWgH T

K Ol 160 QucloAoyiao ToOUL, (tg¢l T ¢te va yivel

ApXl KA Ka TmplTmel vao AB@eKOoO@QV €l KOvamuoou O
YVWCTO@PO TPOTOULO | 0T pl&awv Ka et o iiovm @opdeod o1 K(16 1
ToOdOy pMRB)N ak .(a) K ol OKOAOOQOKWOo 6 MaxweNgQegb T wv
uvouvaguod HYe TOV TPOMTO TOULU VyiveTal 0 EKTOWMT

LTTOAOVY I ¢ MU SARSEedficabsorptionvate [W/kg))® omnmweica L£Opaviti KLy
MEPLYPAOI T00 OAANBAeETi d3pacBoc TEAKOAOQKWE T6
XPpl @@ @govtil{Reanesy tav TO MUE TKIE pPUOTOBTAOGC CTOULO PI C
K Ol 100 €& cwicWw! TOQPI KTOO 0 UTMOAOYI CUOO THOO
OCKEVI dE XPlLCOB Tpoypapgudatr €«OMSOhocopoi wgbBo, O

To €PMOOI 0O OPUWO VYI OWEPERPOYOI TOQUOTMIOOD I M O

mp {TE | mpo@avio va yiverte Eexwplr¢rta ylLa TO
TTOAQ@TMAOKBO, K,dQ T aX PToAVODiBgoipor TTa Vv T a T,0k00 | K AJ TVQ LK |
EVATOKE I T Al ¢ToO KoTd mo¢go ei vawv aloomyowpoo i T BV
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XOPAKTOpPL QT KTV TOU OyKOU, T00 evi{pyelrLa ToO
VTTEPKEPUI OO TOU KO €@apPgoOCTED .

AKOpPOB Kal CTOv mMepiMTwgOB TMou VyiveTal B Ti¢
emap&O CQaAPAT WV €ival OV OoOTTa@eu KKTehp HroxIp a § i o
MTpoaypdatTt KO X p oy og, K oormooop ogi itvlorti® .6 mMapaKoAoO@KO O
KOPKI VI KO 1 ¢T0 VyICEMAETID(ceWIEMD ETTOIVQ CVIEQKKDMKWO T O Y
KOl TwWVv yYy@pw ULUyliv 1 ¢T1iv yikepogogmpPpegipadvel ¢

Ol KEPUOKPOCIGABC ecigupooiv 601421 davi K{Oo yla €U

KOPKIVIKIV KUTTApwWYV oamdvavTl CTOV OKTI VOKEPpPOQO
MPOTOKEI O6T1 | dav i kCEMIBCS(6ocTBREMCcpniutat/eequivatente { v a |
minutes 00 Aadl CuVvAakpol ¢® Twv Aegmtiv 1TOOo T paoc
TovdCedN3dt OGC TOUL 1 CTO00Q), Kal CEMASCAD Ot oA Bchuaydki € |
K{ppavgch 1oL 90% TOUL OYKOOQY ITOO UT OKUOXNXOOXA IKGETOMV] (IR @
Ol MAOC!I aC €l TOvV ML KAavoTOTa §) M{(kKodoo T00
OKTIVOKEpPATE{ 00 Vo TETPXELl , C€&€ CX{¢O pe 10V ¢
H mapakoAopekO¢0 K Ol KatTavopaoaol 100
KEPUOKPOCI OO KaT & E
VMMEPKEPMPUI 00 amoTeAei T a
yila 1T0v egemituvxia 100 IKpL BC
TpoOTMOOC el val 0 ETE a
€l AyovTao CT pa T C
oL ¢CKOBT1L peEaod o1 omoi o |l O
pMeTaBoAloc 1TO0 KepuOKE 0 X I
mTouv e€@appoénetTtal vmep -~ -~ "7 R VA O |

Figure 4. Evboiotikn untepBepiia o€ KAPKivo TOU

TOv oAS8 o1 adl kagi a pootoU e epappoyn 2 OsppopsTpwy kat dMwvK O 1
dev CuVi CANX @O.TIO I 5 nAektpodiwv.
KeEpugopueTpi a M€ XplL co a&ovliI Kl O

TOMOYPAO@I KEPpUOPETPA LTEPOKPWY (pHlTpBCOH Kepuy
MCTPOBCO Keppuy oMRHAIEM awm upxcewm a K pi e taa ¢TT00 CoprvoOTK
el val va XpOcirpupuomol ceiagami maeaw ava@d p kO Krep,i TP p
KOKETILI pwVv | K Ol BeAOvVvwyv va €1 ¢ayeTal ¢tTo ¢i
KEPUMOPUETPO (XAVOUME OPwWo CTCl )Y Yxwpl Kl KOATO



Tavtoxpova pe TOV TMPOCMAKEI O TOUL VYyiveTal
KeEpuopuetTpi ao, 01 (peuvveoc TpogOoavwaoA® namo Uy
Tehei wo 1060 d1 dxvgbBo KeppoOtTbBTOO €KTOO TOULU O
100 pekKoO6dou, Omouv 0 (AeyXoo 1THOBo evipyelaao K
TOV mapdyel (¢ge mepr mTigel o O6mMouL v Tplapywdagl €
amdé TOV OYyKO).

H TP 6 KN ®Ig 18DOVL OVTII MET WTIi nNovv o1 ETI CT 1 OV
Kepamei ao, Ei val B a@e&B¢OB T1TOO KeppoOKpPpOACi a0
K al HO Wwan.Tt oK e p Ul TTed svma mediton (e AAKEQUODEkEmMe ppart

Kepameiiavo@mpyi vetTal akxipiveodbaseh Kk a o av o & oruai v
MTAapoOULCIL ANnOoULV EVI CXQugvoopamumo pepyywy®a, 6 vt pLVK PO

ATToppo@i vTiao K Ol HeETOTpPp{mOVTIOAO TOvV BAEKTPpPOC
EVIPYEI O, TOMI VUTEYEKE pUi a TOTI KA. Avut o6 o0d0Byei
KUTTAap WV, el T¢ MW amontT w¢g 06 o, VEKPOTT W OO

OKTIVvOoKEeEpOaTei a 6Mwo mpoavaelpKOKE.
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tt+ yse¥yyrihd [t e1g6I1ycese ye hahitt myoat c3xaGa

H amai 16¢0 va Bpekei pPra A@ecO ¢to TPpOPRAOY

TOU KOPKIVIKO® OYyKOUL KOl MOvVvo (Kot &6x1 ¢Ttou
Al yoTePoTERI@ Uy i veTall,vil{opetpoe vcorfvoa QropdddiReiHS | o

Katbyopi a auvTl CUUTE pI A agnddgherest vavoxvxoQgoaepi
(nanoshelly,v av o p & PianaadPk o(l AGAAE 0 YyEWUETPIi €dlnmotl  OTC

-1000mi kot Aiyo penmdPAetepo Twv 100

Ta HETAAAL KA CWHKCE K@UUoI§iedioopy 1606 plapdomnd
CToxeuvwudev@Proe pui aquovdp & {gtioattTl K{o KalH BAeKT |
Kepameia PBacimqerdlactfipi € d1 axlovTtal TOTI K
OKOAOGQPKWO €Q@OappuONETOAl CTO (COplaserd veA g p@@p aryo
oTooiaato p PO @AT ANPsSKoOm O ptear aT P TTET I CeE KeppoOTOT
KEppHOKpOC! o Equiogd@w gt 06 padi OEQAKQKREKT W, KA K@
i vovtao T6 uvaoaTOoOTOT A I1XYONITGE D L o & poatKkEMa Bva B
MeEpi TTWCO OaKPANOPWEPOMENMOO. MAVW 1 81 0TI TWV, £
medi o T00 VITEPKEPMUI a0, KaKTi o K Ol uvoduvacgr Tl
OKTI VOIKETaTTEOV OC WP OT I GAUNRPE CxupyuKceoxdpy o (Xouv MoE
EPEULVOTI KO, e KOKGGE@L plowouv Vv MEYAGABDO OTMOPPOPOTI K
BrocuiwPBart

a (a) Nanospheres (b) Nanorods (c) Nanoshells (d) Nanocages (e) Nanostars

Q79 @

1-150 nm 50 nm 10-200 nm 50 nm 50 nm

Figure 5: (a) Atadopeg SO0MEG Ko pey£On vavoowpatidiwv xpucol

(b) Ewkoveg TEM StadopeTikwv eL6WV vavoowpatidiwv Xxpucol

(c) Endaveic Stadopég oTig OMTIKEG LBLOTNTEG iSLWV VOVOUALKWY XpuooU, LE HeTABOAR TwV
Slaotdoswy Toug povo °
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H akti voBoAldiagimoav xp@¢g pOneacparneilager pye vav
Koailo ®Wacuaoa amapiNBsgd gy@&@oe t1To opatd kKaNRToH esyyo
MYyl ¢TBO oamoppoebcgcO mMPwe mE@@u@u & nooTodv T8 Yy € W)

(nanoshellsnanospherex T A ), To0o P{YyEKOO GTOWW, UL XIOKT VI WV GW
Katacke UoMeput{ovfod A A OV T 0 O Ta TmpoByo@ueva peyl
1 1 61 61t€e€0c TOUO, KOl KUpilwdoawiok G a8 pak IO @ [P @ Xi6
XPGqlL pyomoltl 6kKei, MTOP@EPEETTUIMATGE KT I0 QUDO D Tail a1 T

MapaGKEEMO A TO oOToOoio d& VyiveTokaloTroopvp O1QPTICE Ut
BCBalrta avtodo €&aptdtal K Ol dfmo 1O coegTaCcH TOUL

O TpOMTMOOC € @pe ¢ OB PTIPOOVP OEMWU MTWNVG VOOV O C WP O T I O
aovaAuTl K& ¢oto ug vwel X G @Mie ktoB  WKTEapd Yol ¢ T € | ME TP
¢ T Mathematica

hpegvAdSt1ze114 Az rrvivryfc AzAzBt |7z

H amoteldecuatti kKotbta 1600 vmepKepUi ao, € &
T6 eEvaA @,y € K Ol CuUVvETioE PUD®K poo@iEda @A A ¢Opav Tl
MAOPAYOVTIKOOB €{i QadDX! TWV VvVaAVOCWUHOATI @pad¥’ evido

H ¢ugcgipeuvgb Twv vavoqgwpatt di wv pé€tra c¢ctTo
KUTTAPOTMAOCUO KOMEQPROAOVEALETOOON® petoa@opd O0OULC
mTouv PBpickovTal EVTOOo TOoULU (Avcocimuoaa ad et qiowd
MIXP!l TKUWPL VILOVI OU KUTTApPpOUL, Xpelanov®al 711 o &

Tolwe KodPsm@y net1 oCcOp@val 1 a 1OV amoppoqeoc
KQ@TTrTapmapoAo Tmou o6&V (XO0ULV KATOALl & €1 o1 C X €
CPVKECH, AOyw TOAATV GAGAAwv TapoaNRPIviiaw kmo v
NovoCwuatlydrGEmm mapouL ITOMOpvVIga @ ASmdoT T, 0pO0
O M wol Kp ONPstpeai vwood v a X (0 @M DT 0V { MO®A @Il O HOTPAPW
KapKIOWIKIOOTOdi noviao {T¢l T1TO0v amoPorl Touvo pl
Eni q@o@ati &y @A @umedpom T € i WoQ U C C WP € QOO T KIJIETW T
U1 KpoommebmmT € { wamwtvo B A Bpklocpuww € @ pX{Tva. amoTe Al CUaATA
ei val CUYyKeEXULUM{VO Yyl o TO TOIO KO 1 TOV TO
ETI ANEXKET . Ol MeEALTEGOG ToUL NPspuEL vd I yipveaanip,0 GUW
31 OMEPVOPY €UVKOAQQEYUPB@PBITPO KODa TapF&KKuvTITAapwWCOO
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(A)

vesicle size (10-* nm?)
» @ o

No. of gold nanoparticles per
o

14 30 50 74 100

Size (nm)

Figure 6. (A) AptOO¢ NPs ava peye0og kuotidiwv (B)-(F) Eikdveg TEM amd NPs peyebwv 14nm-
100nm, maylSeupéva evtdg KUoTSiwv oto Kuttapdmiaopa 2

Evi el val COpuavii kKéo mapayovioo O oamoppd
K@TtTapo, MOAANL O @oplo GAAeo pPeTOaPAEGETITIVOI €&0
omapai XAt QOO e yNPakgorrEm)odbw a 1o p dabasheNspwt, o @ T O
MEYCKOUO IEKWWAYV TIM O OIMOPIpoWwWapvo ¢a @il o 0gto@u BT o
OKTIVOBOoOAia e€ivaoal dr1amepaoaTl aANMO CTlOIX®D (P al &ya
auTo, KA&KE popa AoapBavovTtal VTTo Yo OAeo ol
VaVv oC oumvt.l 0

STOV TmMeEPLTNTPEH dIreoTtT al MEYOPATPG BO@ & [0 YCEKKOOTIOO C
el val B CugCiT peuvCEOB TWV VvVoOvVOoKWUOAG | DODOVKICTO®E
KeEpPMuoOKpacgi ao xudpchowo yo wteityv e K T wv (CW TWV KUTTA
Ml Cw MAOKOT!I KI 0 CQuIpooxtei vudcl Boo . gueNyaddkoo w 0o p 0 @ V vV a
CUCCWPELTOQPYV (CTOULO OYKOULUO MPICwW TOULU @al vopucl
C LY K p & teBhartied pefmeability and retention- EPR A0y w OdUCAEIL TOULPY
AEPYOIL KOP CULUCTI MOTOO TWV KOQPKCLCYVPEDLDCOOVYE®APE PT
MOKPOMUOPIi v Kal ML KPTV ¢C¢wpgatlt 0i wv ¢€&€ cauvtTov,
Ztgleyaoahanespeix a T AAANB A0 peAeTtTbObplva wo TROC TO
MTTOPO@WOPYD@VKPI TI1 Pl OC Tyd o€ UMICOOK Gmad ko dy HERR®W T oL

26,27
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Normal vessels Tumor vessels

R

» ,Z.;._V_ )f \"\;
. o !’ .

@ Nanoparticles #  Vessel endothelial cell ® . Pericyte
» Normal cell (0’, Macrophage @ _ Tumor cell ¢ Fibroblast
——— Basement membranes Extracellular matrix

Figure 7 - ZUGGWPEVON TWV VOVOOWHATIS WV OE KAPKIVIKO 10T, péow Tou dpawvopévou EPR?

Emi mpoOCKegBapaitv & K Ol 0 MTPOCKI KBTtpi ao
VOV O Ciojoa poEmoiod CTOXEQPCOUMPMEPMET OVK OATYOK OT O PBe AT
BroCuUUBaoaTOK@BTOOT BT OUV@TO QILW | ¢ ICXPWPOA T WHUXTOWVE | V O
ovaykati®v yBloAt1 ¢1 06 KuTTOpPl KI TPOCAOBYO, KaAaKI O
TOV oMol @ wpa@tiwawo Bpi ¢KovTal CT OV KUKAOQ@ODp
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Mathematica
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COMSOLMultiphysics

To 1p oy LOMSEIMultiphysics € i v a1 AOYI QML KO HdOVTEAOT
EQPPOUVLO ETI QT O POAOWIOWTIWKT K TPOPRPAOBUAT WV . MetTaé o
devatal vaoa PeAeTOBKoOQV ¢€ival K Ol TO0d 1 &A eckOVp O |
evoTmWaw OAEKTPOYCOMBDULIXEGHOPELOANA 0 doUl K{ O €VO-
Wave Optics, Semiconductora® Opt i ¢ s, Pl asma) o1 OToi €0 T
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HEYfiwOULgi®eT
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KdQ —(@0 TaX@tbhTtTa QwIOo CTO KEVO).
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Figure 10 - MovteAomnoinon vavoodoaipidiov pe

Figure 11 - Tewpetpia CUMTEPLAAUBAVOLLEVNG
nupnRva xpuoou

oTPWOoNG vepou ko PML

Figure 12 - Movtelomnoinon nanoshell (octo
KEVTPO MUPNVOAC, KOl EEWTEPLKA N EMiCTPWON
Xpuoov)

Figure 13 - OAn n yewpetpia nanoshell, pe tnv
eniotpwon vepou kot PML
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Figure 14 —-Mé£tpnon Tou HECOU HEYEDOUG TWV KOPKLVIKWV OYKWV (25 6To cUVOAO) TNV
npwtn HEpa Beparmeiag, Kat HeTd amnd 10 NUEPEG. ZTNV OASA OV XPnoLponotiénkav
vavoowpatidia yia epappoyn PTT, ol Oykot urmoxwpnoav teAeiwg otig 10 nuépE.
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Ta vavogwpati ol a ToUuU XpOglrLppgomol 1l KOBKaAv
Sl GueTpoppMUWIXION O TAX 0O £ & (iodpprd & O A P @A QWO @ A | |
Ol AuPTEEE G T ZI1 Ol VTTOAOYI UOiI Ka yivouv vy
K a VTTOAOY I CTGE@O 0O WTI PKOOGKOE) O TT® @ (XoULpEe My
aomoppoebcd (peak optoi c&Xlakpbh PaxEti i camw) ,v MWIp
HeETAE® TWV PeETPL CEWV.

AbrosprionEfficiency

ju}

8 %10
Wavelenght

Figure 15 - Fpadikn napdaotaocn tou pAacpatog anoppddpnong, CUVUPTHCEL TOU KOUG
KUMOITOG KOIL TOU TLAXOUG TOU EEWTEPLKOU pAoLoU armo Xpuaco (o mupnvag £xeL otabepn
SLapetpo = O).

T 0Ov i1 O MTAVW YypPp@oelKIpylmapyica aqdv QAN
KLUMdOIi vovg opllE 0k @ el val coffeoqQPpadai wmudBULO @&
aomopPoO@E@POBNIRYy DO AemT1oOoTEPO €& WTeEpPl KO QAOL O.
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AnoteAéopata Mathematica:
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Figure 16 - @aocpa okEdaong, anoppodpnong Kat cuvoAikig eEacOivnong tng S€oung yia d=126nm
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Figure 17 - ®aopa Anoppodnong péow Mathematica
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AnoteAéopata COMSOL:

x1078 [

Electromagnetic power loss density (W)
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Figure 18 - ®acpa okédaong, anoppodpnong kat cUVOAKN G e§acBévnong tng 6€oung yla d=128nm
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Figure 19 - ®dopa anoppodpnong

AnoteAéopata COMSOL:

Electromagnetic power loss density (W)
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AnoteAéopata Mathematica:
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Figure 20 - @dopa okédaong, anoppodnong kat cuVoAkAG e§acBévnong tng 6€oung yia d=130nm
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Figure 21 - ®aopa anoppodnong
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AnoteAéopata COMSOL:

x10718 [ ' ' ' ' ' '
S5t .
45 { I\ / A 1
40+ [ / \ ]
35+ I.'I ' / \ .

30r l,l' | /

250 N / II"'-,I .
20+ \~- ——-/ II\‘\_ / .

15 1

Electromagnetic power loss density (W)
—
-
1

10 T~ }

0.5 0.6 0.7 0.8 0.9 1 1.1
lambda0 (pm)

wl (m) lambda0 (um) Total power dissipation density (W) Resistive losses (W) Electromagnetic power loss

7.8000E-7 0.78000 5.4031E-17 5.4031E-17 5.4031E-17
7.8500E-7 0.78500 5.5423E-17 5.5423E-17 5.5423E-17
7.9000E-7 0.79000 5.6364E-17 5.6364E-17 5.6364E-17
7.9500E-7 0.79500 5.6798E-17 5.6798E-17 5.6798E-17
&8.0000E-7 0.80000 3.6713E-17 5.6713E-17 S.6713E-17
8.0500E-70.80500 5.6136E-17 5.6136E-17 5.6136E-17

Finanoshelld | o p @ ppoasn® plyt ¢tO® e€&acklivBecO 100
X WUULE @

t 20310 L ALdAYO ZZRI R A f C Z o &

YTAapXE.! HEYAAD CuLUPMdOWVIia pPpeTOa&@® TWV TIL Piwv
OOl €0 Ol O@OPEQPTiuEQTOG, WG GOOANVUOD, T Q¥ WY Q& O U € D |
OTMMOKAI el 0o €ival ToA@ HdI KpLoOo.

FNMa 106 ¢eykKpl ¢0O6 peONeatetabkto TR A a1 LogdBPIP € K €
TI pwv TWWNPITOW [PEAEYTIIOK BKKAOKVE TP O ¢ O HWTooi GgCEoa A&ueay w
1060 pl¢gOBo T1L YL O, €ival O TULUTLl KI OTTOKAL ¢ 0
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tzeovAazy[ o1 vV ACcHddS J:ALZRY OAT ] Z 1

Nayxog e§wtepikov AnoteAéopata AnoteAéopata
KeEAUPOUG TWV Mathematica COMSOL (nm)
nanoshells (nm)
(- )
8 nm 841,86+ 0,01 840+5
9nm 816,94+ 0,01 815+5
10 nm 796,66+ 0,01 795+5
Méon i 818,49 816,67
1.7 al iKSYHJHd®E gin o 1OV Wwphgd Gra 1T Lo K I

AamMOKAL ¢ P aTxE a Apa, 0 pMlCcH T pI TOU HdI KOUC
(xouvpge pldyrLcgtO amoppoebBgOB, c€ivar :

ol h h = O

1 .COMSQlb pl¢oo O0po0c T wv Loty pleR d¢ pTaor wve EN o,
CugOwWVA PE TOV TMI P TP AEwdedii ogi WaiplcO
ei val
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TO MI KOG KQUOTOO OTIOUL
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aOAANG O0@TE VI
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AnoteAéopata Mathematica
Métpnon O’Neal
(nm)
et al. (nm)

AnotsAéopata

COMSOL (nm)

Ta
nanoshells

aomoteA{cuOaTO Aol TO

ei val OpKETA K

(peuvvao
C
A
€

K dl

VHOQWVia peta&e Twv 0O

aogBavouvpe wo

i AvgH 1T wWieeg EMathématcan v

Cs@lective laser photo -thermal therapy of

CuodTEpPlL AauBdavovTal

a1 O0mIL CT O,

V Kylo Twd daepi mmpuwl

OVTO (¢C¢T1Ta TEIPOAPATI I

¢ToO VTTO A
TTPOCOMYOI TTICOELWV

RAMSOLkx ar 10

©o K a

aRo0 THw

epithelial carcinoma using

anti -EGFR antibody conjugated gold nanoparticles 6 El-Sayedet al., 2006
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N a TOvV EQAPHUOYI 100 (POEF OKEPUUECTO KK
VavoCwPHoaTi d1ra Ta OoTmMoOi o0 EKTEWAT ONMOJqO@i Opedgipyx a
MCCw BAeKTpPpOVI KO JITEpbcwdnyiqa 6dwofioxppodd
MET P!l KOukosmad Wasermouv XpOCIL pomol 1 KOBKe améd TOV
| T dagert 0 vT wv Ampuyeo e K(MoppeE AT @UKVOTOTO 1 CXO
0 CuOBo pe ya oo KN&KTEaw (T pBcgO.

H evipyelrta Tmgu Oy p@aviwg¢® 0 kewv KOPKI VI KTV
(Cuvwja )1 Towl yotTeph amo T10i grauybxmpionr RBDa o\
KOTa@ o] ®a) u eNPs K o I CTOv Tepi mMNRsE P € 1udd ¢ TCOKKYEL
T{CCeEpPL O poplo e PNag cvue pl wpsovrd My eal o X p U ¢
nmpog@elpouvv TOB duvvatotbBta VvVoPTHUEO Kiasex®0 1 O K C
XOMOAT V gveEpyeELTV

>AUVZR) OARYMma LY -EA 1 0O0K5 11t AOBEIAALGBMAA A
COMSOL

Ow 1o A o yu {¢cMatHematicak cQOMSOL y 1 vav HE T1 O MdEKC
meplypampbkomvw, 6 diragopd e€ivalr o611 ¢186
vaovogeal pi dmTtoo, T €TAcE iorToiai oammd (va ULVLAL KO PdOVoO
OAANGNEI CTOV & TiMeed® au ww Te & 1duidioauie Wiy 0 U Lgea
0. AvTti cCCOMSOWo ycetwmpe T pi a amoTeAei tTalr amd
emi mAlov @Aol O

Ta MAPAKAT W oTO0T eVAA{vCoucogron ppd (O™ @ Juapdlrt
T Q
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AnoteAéopata Mathematica:

Qabs

L T -~ Wavelenght
4.x1077 5.x1077 6.x10°7 7.x10°7 8.x10"7 9. x10°7

Figure 22 - @aopa anoppodpnong AuNP yia d=40nm

H plyi ¢ct0 amoppoebch nhopan 8pei 101 ¢TO

AnoteAéopata COMSOL:
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Electromagnetic power loss density (W)
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lambda0 (pm) Resistive losses (W) Electromagnetic power loss density (W)

0.51800 7.3556E-18 7.3556E-18
0.52000 7.5603E-18 7.5603E-18
0.52200 7.6951E-18 7.6951E-18
0.52400 7.7945E-18 7.7945E-18
0.52600 7.8447TE-18 7.8447TE-18
0.52800 7.8345E-18 7.8345E-18
0.53000 7.7646E-18 7.7646E-18

H plytr ¢t amiAeta egvi{pyetrtaoc 1060 d0(c¢pubo, K
T060 amdé TO vavoCwUOaTi 01 0 Xpuvgoe~OCUMPBOIiI VeE

t 20311 A1dyYy Zdw L AULZRIRA[{CZOIuG

1 /\V__ "¢ hYy
AuNP LR MJ] T {: AL Z O] R, AL ZO) R,
y 0z m &€lASayed Mathematica (nm) COMSOL (nm)
etal. (nm)
d =40 nm 530 526,6 £0,1 nm 526 £ 2 nm
Ymadpyxel CUHMOWVIi O ¢TO OTMOTEA]CK@TIA CIUWOV

MYl CTO OTooOApM@IQ 6O pop@el TOBO KANMEABO TO

ATd TOBV TMel papatl KEFSayedetialmopat pdtao
OTTOKAG8Cg B¢ & 6 omoi a ei val Ol Kal oAoy6Bpudlveo.
avaelpeTal KAMoOl O CQOAAPO, 0@ NPsoqm@r 6p 1 poO
pltpbBgOB TOUVUL ML KOUO K@QEUOTOO oOomoppoeBdcOo.
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VTTAPXOULV, C (T KOOI O KPP KIAK | ,1 KeO@OTAOW 06 op § A
(yI|TMEa p O COETA VKOOC.T I PIL O

Qe wpeiTame ALY BPWdvVv 6 Pt T CEEEWOKCPOL PCOBI T ¢ € WV, K Al k
NMywboc mMORMTOGKALl (6O

A1 ocOBpuei wttodasermoal xpOgLr pomol 1t kBkKe ¢T16
EKTIOWMTI OKT IWPIRAON | mMICPH I TE®MO A adl TQY yuvugoRoOy.
ammoppo@oOnasplie®y T av prEIAaude yaoA 9T Apo®d dev amort
OVOCTOATI KO TMapayovta, K@kKUoo cACOMB@ W 11 O
MAaPATOPEI TAOIVLPEVIVTTEEKEICTGOPUAVTI KI ce&agkdlv
CUVETI 0O KOl amoppo@eoc¢go.

lambda0 (um) Resistive losses (W) Electromagnetic power loss density (W)

0.51000 6.1803E-18 6.1803E-18
0.51200 6.4916E-18 6.4916E-18
0.51400 6.7993E-18 6.7993E-18
0.51600 7.0945E-18 7.0945E-18
0.51800 7.3556E-18 7.3556E-18
0.52000 7.5603E-18 7.5603E-18
0.52200 7.6951E-18 7.6951E-18

M ¢ Mathematicau mopei va PBpekKei qeEaOKpli Bemap O @6
YL a CQUYKeKPI Y{VO HPdIKOOG KQEUATOO.

U Mivachpe 66 T 1 p1 oYW T 1 a8 Y p m ad
U NNuvapgdei var aWti cpe pyiad

Enmopdvwo €ival eEPPTKKOTI I vOTeEpRE PO WIO, aK G
OKTI VOBOAGWGT MOUOWX&I ¢10 plyIloAAB KIOIOWKAI VE
AMiyo amdé auvti. BlBal a TMULERES LEAd WIMIKPIP O WO T &V
yroa TO MYl KOdmseKi@Wo Tkoao Xtpodug | pomol 6 kKei, K Ol
amdé 1OV egvepyod di(MnDopuv omoppy wHed kie Wpld Quw
Mie.
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ye et d Y &G t|1 3yrcG6td L + ¢ dNr cSILIEB ¢+ mh
L BGI &ayat mh

HKkewpia TmTou pPeAeTl KOBKE K Ol (o MPOCOMPOL T
Mathematica k a ICOMSOLTtIp { TTE | v a ei val N@MAKUIMROAO QNP |
XpOcglL pyomolr BkKoev yliL a Tel papatiikdicompgepdgpaoc. v
MTPOXWPILl CEI (va Bl uypoadpicoyo M ga, ¢ & o0 m®eo, ya I K dl
PWTOKEpPU!I KPTTRopAT&EiOAayYyivel XpOBCgIL UJOTOL T VTOO T (
TOV OMOTEAECMUMOATI KOTOTOT OMOPTOICAHD,FOM@PO VA TTOPPY E | ¢
ETMIi TELED ULTE PKE PTUE @ICB XA aWpW.AYy HAT I KO

MZXpt Tipa IXe€l aTmodel X KEAA NIV  eGHBBUPURIEVI. ¢ L
KAT we mepal t{pwwa awd vVwoud, KAGmol €0 mapatoOpl ¢
mpogopPdolL i el O, mTo Vv K OK O @ o vioppay woppICEl J e oevA
TMEL PAPYOTI K@Da TP onye OO, 9 M@ DeePit e pood (AEYX00 T W
MTOL AoPdBavovgEOpygdmowoOOalavaTTo 160 WVEG § wr E @O K |
MTAapAy oOwWaw ocd g 1 NB@rEdd x p | TTi prai Veaui c@pe Al 10
OTMOTEAECPMOATI KOTOTOO TOU ACUAOTOGC OomopPPOEHoCcE
emOpednetal amo TNP xoapakKTOpli ¢Ttl K& TOUL

ty [ my As t R KRahmgCprapespé®hy { R RUIZRM] [ B RAOAZMD

He 1 ail gamoComposis | &1 K€ P@ITpoBvoa v 0O T € X VKoojloy K e p 1t pl v a
TOWAT a¢ KKEQUIIT A\ 6 QA @ P OPIWIY BV OC WUOTTOd i WO T OvT A T
mpoc@l{povVTOAl yra TOAALO e€ooapuRIKOR§( dIcowe ad Ol
KAaA@MUmTOULY Ky alpxiiow,yWeEWUHeETPLTV KOl MUKV OTII

O1 omtlI K{ o KOl VYVEWHETPL KL O 1d1 0T1T61€e0d Aol mo
METPOKEDI qeEpiyfEeylaah 6K al avaypa@eovTtaol AETMTTOMPE P
divetar ppneg 1TOBV ayopd TOULO.
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Mia TtTeAldevTtaia ¢eykKplL ¢O kKo yi veamoCom@osixv aVv 0 ¢ ¢
KOKT O AO0OYywWw TWV OVAOAULUTI KA KOTOyEypaAPUPMLvVWWY 1 81
Ce€ AC@OAl CquumepAcUAaTa Tde. amopplouvv amo 186

Ultra Uniform GoldNanospheresg PEGCarboxyl

Navog@eal pi d1 o TO oOToOiaaroe iXWPWIC OK ORI KK\ E U g C
¢ToO cEE wTtepPlL KO TOULO ( X oPEGCarboxylrt 1 Acid A v @ 6
(MALVOI KUAEXRKOY AN KKKPPR)HPL NI € Gt IPEGKOKYPE TG duvvart
TO Xp1 ¢O TOUOQULGE!,PaKOOKT Yol KEV I C X @€ I T Bro
vovoCwpatlt 0i wv, Kal &0 e y pmpigd | « @ qyfd ooty A d 0
EMIL TPLTE I TOV opol OTMOAL K1 TQgav dteqW®  yIToEPA KUEV
dev €ival omapai 1T6TO O emMiTpPpwCOPHE:E KapP
VAI w¢gBO mouv emi BaAAretal ), OoAANG yiveawt xp
GOAANeEOC BrLoAoyl kKo eg@appoyloo.

Ta vavocowpati di1prE GO Q1 GBwemppi T w¢OB a
ME akKpiPBera 1To pPplc¢o OpOo TOULU peylKOULO TO
YPAQ@I K1 TOUL @AGCMOKPI®mO KATTaP pcor@b ¢cbxa.pa 2 2, T
M CTOTMOl BT1 KO avVAAvLcOo amwoowy proo@olvxTed | Ba VEATAI
XOPOKTOPI ¢TI K& ¢ LVNPK uH 11 o0 & OTEMRX gt Weaio o0 T |
0 plcoo 6pooc tovviule yE xoOwawt T®LvPlyl ¢TO dATO,
eivavckha

TOv mpocgopoi wgB ¢e& COMSOL Multiphysics
BT pI 100 &1 aplawdduv Kawpa TKOOTKEEA { ¢ MO T A Y I (
aomoppoeBCOO, K Ol MTouv TmapatTBpeitTaigtBa plyl
¢Xl pata .24 Kal 25
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'(3" nanoComposix

10 nm Gold Nanospheres, PEG Carboxyl, Ultra Uniform™

Lot Number: DMWO0900
Diameter (TEM): 95+0.4 nm Hydrodynamic Diameter: 19 nm
Coefficient of Variation: 42 % Zeta Potential: -20 mV
Surface Area (Calc'd): 325 m'/g pH of Solution: 7.7
Mass Concentration (Au): 0.052 mg/mL Gold Purity: 99.99 %
Particle Concentration (Calc'd): 5.9€+12 particles/mL Particle Surface: PEG12-Carboxylic Acid
Molar Particle Concentration: 9.9€-09 particle # (mol/L) Solvent: Aqueous 2mM Citrate
Endotoxin Concentration: <25 EU/mL
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*e%s 08 0% 00 00 0 Fg st 0g
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100
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80 1.0 Max0D = 1.09
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ﬁ 40 ]
€
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0 t—r—r —p———— — N sy au e s s s | 1 e ——————————
0 2 4 6 8 10 12 14 16 18 20 300 500 700 900
Particle Diameter (nm) Wavelength (nm)
q Characterization Instrumentation 1
Diameter and Size Statistics: JEOL 1010 Transmission Electron Microscope
Mass Concentration: Thermo Fisher X Serles 2 ICP-MS
Spectral Properties: Agllent 8453 UV-Visible Spectrometer
Hydrodynamic Diameter/Zeta Potential: Malvern Zetasizer Nano 25
Endotoxin: Pyros Kinetix -Turbidimetric Assay-(BloPure and Ultra Uniform Only)
\pH: Horiba - Laqua Twin pH Meter )
Storage: 2-8 "C. DO NOT FREEZE,
nanoComposix, in nlofd nanocompasix com
ARTR Ronson Cr. Sulte X - Phone: (KSK) 5654227
San Drego, CA 92111 nanoComposix.com Fax (619) 3302556

Figure 23 - Mwotonontiko avaiuong twv AuNPs yia d=10nm



Electromagnetic power loss density (W)

Optical Properties

12 4 Amax = 522 nm
10 | MaxOD = 1.09

0.8 -

04 -

Absorbance (cm™)

0.0 —— T T T T Ty
300 500 700 900
Wavelength (nm)

Figure 24 - @aopa anoppodpnong nanoComposix

o Qabs
x1072% [ [ H H ! H H ! I
asl | 05
a0k
Nl 0.4
30*\\_ﬂ T
251 \_n\_v R 03
20+
0.2
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10+
0.1
sl
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0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 et IFI — ‘?I B I?I et IYI ‘II ? ‘%Mavelenght
lombda0 (um) 4.x1077 5x1077 6.x1077 7.x1077 8.x1077 9.x10°
Figure 25 - @dopa anoppddpnong COMSOL Figure 26 - ®dopa anoppodpnong Mathematica

lambdal (um) Resistive losses (W) Electromagnetic power loss density (W)

0.51600 4.5549E-20 4.5549E-20
0.51800 4.6617E-20 4.6617E-20
0.52000 4.7245E-20 4.7245E-20
0.52200 4.7419E-20 4.7419E-20
0.52400 4.7228E-20 4.7228E-20
0.52600 4.6671E-20 4.6671E-20
0.52800 4.5745E-20 4.5745E-20

Figure 27 - Nivakag anoteAeopdtwv COMSOL yLa HEYLOTN AMWAELX EVEPYELAG TNG SECHUNG
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Ta amoTtTeAd¢paTa T wv nanpC@OMEDEXOU W G ETWVK &,0 | € iTVOO

AUNP yozmsAs AL Z O] R, AL Z O} R,
nanoComposix  Mathematica (nm) COMSOL (nm)
(nm)
d=9.5nm 522 522,47 £ 0,01 522 £2

Tocuvpumepam@EwiIamnmoppl{ouvyv amoO TO TI1 O TAV
€& Al PEUIMKWYV I O TWV PETPLCEWY, OAaAANG O6TI1 6
el val omoPE@arboyit 8 v ( MpoKEeEA W VWAAOIL T VEI
UTTOAOYI NOUYEVEGC Tmpeacoquw! Ty eMathematicax o |
COMSOW ev cqupumepPplr XE@rBipe K1 NPRIO@E@MWT 100 KDO U
I TOV €&al peTI KA OdQOCKOAO. THWY MOAQ@T PN KPP & T
KatTaoadel Kveel OT1T1 degv €ival oamapai 16T1ToO0.

Ymapxet O006Aadt 6 duvuvatotbOrtansliamgyiovovTa
OTmoOi o KO ULUmMOoOAoyinetal TO @AacPua amoppodohbd
K@pPlL O ULAL KO TU ppAvoa o @anogpb@resnanospallsy a

= g~ ' _PEQ@'¥'A w.s' haA_ ¢ Yt >

BUCMZSAsC Aztujzz vy | ALvMMJj 3 s Yi Or mafiosphereg 5 ¢
I 1 manoshells

OQa yivel COoYyKpI ¢B yira 110 Od@QO0 YyeEwUeTpieo
M{yeKoOoOToOoTQAQUO aTmoppodebcBo kKo OMathematica { ¢ w ToOU
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Nanospheres? m z A AulP9j

Wavelznght : AT

Figure 28 - ®aocpa Artoppodpnong cuvapToEeL TNG SLapETpou d Kat Tou PAKoug KUpatog wi

MOIOTIKA ZYMMNEPASIMATA:

>TO i1 O TAV ® YPGB pua, MTapouUC!lL ANeET
OTMMOTEAECUMOATI KOTOBTOO aomoppoeAUNB o Bammmoi &
KUdoai vepamiprmamda@ o To €@pooc amoppoebBcOBOo y1I a
KUMOAi VEL@ICL AT A E V OidowanmaidtT 6 1 taserypu ¢ O a
EKTM{UTE I e TMOAQ@ O1 O@O0pPyslTA KTOA PUdI DKEOI OY QKgQULDO T
NIR

Apae ®appUuOWEpPKEPUI a0 ¢ T Onanospheesx PLVQO® T W
el val duvarl MOVoOo. Tyol ' P1oKUIOL 0€ QIPIOAD  TOIKUId Qv
mpoCcel petTal el val mepl opl ¢ T AuNBsy | dxyokkoivao O €
mouv PBpi ¢Kovt oQ Acbey ofod ke ov a1l lasarmo W ekt d WTOPEWV
CeE AUTO TO €@pococ dev dilLamepvpeio val A CK

C T OV -COrYOKX .

=, . A YIYy2ALKSNBa o _h T <hot
, y )

Ah AY Y, >h 1t hy T
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Extinction Efficiency
% Absorption Efficiency
L L L e . Scattering Efficiency
4x1077 5.x107" B.x107" 7x1077 81077

Figure 29 - ®aopa Qext, Qabs, Qsca yia d=10nm

Extinction Efficiency
% Absorption Efficiency

I —

Scattering Efficiency

4.x1077 5.x1077 6.x1077 7.x1077 8.x1077

Figure 30 - ®aopa Qext, Qabs, Qsca yia d=30nm

Extinction Efficiency
% Absorption Efficiency
Scattering Efficiency

4.x1077 5.x107 6.x107 7.x1077 8.x107"

Figure 31 - - ®aopa Qext, Qabs, Qsca yta d=50nm

Extinction Efficiency

% Scattering Efficiency

P S S S S B U Absorption Efficiency
4.x107" 5 %107 6.x1077 7.x1077 8.x107"

Figure 32 - ®aopa Qext, Qabs, Qsca yta d=60nm

Extinction Efficiency

Scattering Efficiency

Absorption Efficiency

il 1
4.x1077 5.x1077 B.x1077 7.x107" 8.x1077

Figure 33 - ®daopa Qext, Qabs, Qsca yia d=80nm

/— Extinction Efficiency
Scattering Efficienc
L it} Y

—r——— Absorption Efficiency

4.x107' 5.x107 661077 7.x1077 8.x107"

Figure 34 - ®aopa Qext, Qabs, Qsca yta d=100nm
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GHRMIJY 11 4Z0t B{eyarommiiasiA3suymr zAuNRs t R Of
31 C{ RZ 10 30 50 60 80 100
d(= 0O
Sabs(@ ) TP T (P WP T |GXaApT |p@BWPT |[pBEpnT | AP
NOIOTIKA ZYMMNEPAIMATA:

Ol ypaoel kK{(oc moapag¢rageuve T1TO0 @QACMO VYI O
amoppobeBCO KOl 0K ( Ooya caB Ktabkce QUL IEBK W O TTiC wq KI a
KatTaypageetal ©6 evepydot1dgcuoopNo amoppo@ebgH

Mco auvédavertal TO M{(YEKOO TOU VAVOCWHO:
CKC{Oocg 0B oohkitanoo p EIGao | CcKeEdACeEl O TTOo Vv CLUMUP
Medevi kKl o. NP6 peN GAQ@T O PpPQqQUUPBAAANEI OAO KO

eack(vbObcgH T00 0(c¢ubo,

emOpednetal .

Xwpi o avtod vV a C

aomoppodeBCcOO

Me AeTT VT 000 E€EAVOEl PIiyoov  OTIBavT O [ | aomoppobeBcOO
MapPpOTOPED THOELY OONTPIT EP@OO VAV OC WHOAWIVEIT@ I { X@MU [ ET
M{yeXaqouveTmi o Taa T00

aomoTeAlCuUOT O TTPOKAAO

MMTOAQ@ KOAAQT EpPOA.

Bavi Kd Ko Xpelanotwyv (& | vVquyEwoaT i o1
KAOAQ@TEPOB KULUTTOAPI KI amoppoeobcCoO. Me TIPOCOWOC
mp o COMBSOUTom v K a
MEALCTO ¢cT1HOVvV
mepi mtwg® av 6
Il KOVOTIOLl BT 1 KI yi o
XPl ¢6 peyNPElgTEPPVT BCO
d(ppooc, ylLa 1OV

¢ToO e&ObyOBKEI C € HeT{TEL TA
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AbrosprionEfficisncy J

Figure 35 - ®dopa anoppodpnong pe d1=40nm

To @adcqpa amoppondshéloce e vake it adl APET P
aTmalicaQ THEHGKAOI HPETAPBABTO €& wgeppr ®O @AOL 6, 1

NOIOTIKA ZYMNEPAZMATA:

Ta amotTeAlCcpUOT O el val T 0 @noshels e oMo 1 6
COPCT ®IRAUQOi veETal va Tmpogc@el{pouvv T&KodwvaT o
K@UAT OO amoppoeobCO O, HETORBAXXEAWHWO® 0,T 6 K O

CUVOAL KA TOBo dirapltTtpouv.

STOV TMI 0O TMAVW TEeWIHOomwWKKEP,UAT OO0 EXPO Al
Pxagta ABAAOl KOKOpPpinovitao TO TMAXO0OO TOU @A
Kalasert mmoi a ekKmM{umouvv ¢TO0 €yyeoc uvnl{puKpo,
mMapakowoemun tplmel 1TOB d1reigdugB 1TOO aAaKTI VO

PrLo quykekpl gplva, yra vavowmmp@xi 61 0o -
TR QO VEG,TO @acpa amoppo@eBcBo civar 1o €&
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Absorption Efficiency

e L e L —— ———Gcattering Efficiency
4. x10°7 6.x10°7 8. x107 1.x1076 1.2x107°6

Figure 36 - Qext, Qabs, Qsca yia d1=40nm ko dl=5nm

H plyl gi@atn iyt prinmygl o PI KO Q@K Gawit oo
yia 1o aviictAuNRDi Wwily o8 & aTtn me T o ¢ &4 H
OTmMOdOTI KOTOBTAO oamoppodeBcbObo, 1TH@wepraKEPEPE iNE o .
el valr ko Xgvam&heeqimu ¢ o0 ¢ .

=y Av T h Yy 2ARSEAM T > T W At h
“ ¥ " h -8’ h SEY ¢ BY ‘W ShChSERAS> ~<' ~ - A h ' <h
¢ h h <« <' <h ¢ "7 'Chh QGhj<xkWw'gSjYh S h'¢ ypryyr o
NIR).
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yeyaetd 3caBlBt 1 et cy nNANQSHELYSYh + @

T onanoshellsomot e Aoevtal oamo d@o 61 0@QOPETI KA L)
mupltva, Kal (DQoogl woMEmpkoTKkKIpBIKE TOo BSDEei 01 0
e Wt EpuikCITP@ELPGOQULVIVACUOC TTOL aTmodei XKOKE TO0A

MTTopoQ@vVv vV a HEAETLBOROPWQ NTDKN VO i K al METAAN
COpuav T KO Tyeopvotod G TT 0OPHAW O TTo v ToETOTPEdl oW o A G @ kveai
BrocguuPelr xpbu 6o €ival ToOo 7ML O a¢@AaAl o ULAI KO
COQVKECO vavocwpatl dewvaoaEelProguw@PaPeoKiaa T @0
divetar (va mapdadel ypga OmMTOU O @AOL OO0 egival
CTO XPUCHP WA, KEFANAANOVTAOO TO UVUALKO TOULU TUPIL V
CLUCTI MOTO OULTL €ival B KOoaA@UTepBOB emMIL Aoyl .

N a 1Ta vovogwPATi drta d1L a@OopPEeETIL KIV UVLALKITV
Ol APMET POE TKUPA KW @l MTAPOUGCI ACTOKMETORANGTP@ @I & X

(92]

EWTEPL KOQYP WPAmEAPTo( NOTOQUE vEd VIOIL O VKA TOW ATl T

Cc

MTAPXEL €ULEAI &iTo UG TMA K OWEST KTQQUTRIEPD K @ 1| B D1 AP D P C

ZMBHJ]Y [{AJ Lzm1z94] j3E/c¢qQ [11 cudzrmy JJjvYy 31

—

N a tTo actl pyi , e@oOCOV €ival M{TaAAo, CXel
TO 01 0pKWCOB TmTMouvL TMpoPBAlmeTal , COUMOPWVA HE AULT
TO CKOTO aUTO (ylve €0@pechb TwWvaVOVITOX@ OK WD A
AVTLOoXAWRPO Q:pF @XxpTOAB> 5 pdwpmijoO?, Lg
prti 31 p.
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AbrosprionEfficiency

Figure 37 - ®dopa anoppodnong nanoshell Si02-Ag, e d1=70nm

10}

81

61

J

2t Extinction Efficiency
i f— Absorption Efficiency
1 — Scattering Efficiency

4.x10°7 6.x1077 8.x10°7 1.x107°% 1.2x107©

Figure 38 - Qext, Qabs, Qsca yta d1=70nm ko dl=5nm

To mi o Tmd&v wangstieJIA-AgY E & X V € 1 0TI 0O ¢qguvdvacgy|
efal petTi kK{o omtli kK{(o 101 010T1T¢O0, we THHX® KAl
ML KOO K@uatoo NReal amopeoevcicdnpe !l egueEukpgdaiy ¢Ba 1
HITOpO@CE VvVa XpOcguowammo 1yl koetii Toa pOOPAYaL PO G TTA P O L C

BiLoAloyl K& ®cuvgTtti pata.
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Wavelengh 107

1.%107°

Figure 39 - ®dopa anoppodnong nanoshell Si02-Au, pe d1=70nm

Extinction Efficiency
! Absorption Efficiency

I s L [ S TR SR A N TR TR SR A SR ST SR N N S TR S
4.x1077 5x1077 6.x1077 7.x1077 8.x1077 9.x1077 1.x107®

——=—. Scattering Efficiency

Figure 40 - Qext, Qabs, Qsca yta d1=70nm kat dl=6nm
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N a CUVOAL KNP Q3 Ww@uwis @ poul yt ¢t18 aomodoTl KOTOTA
TapatOpexigppe dcaw & i v alw my

NMmwo amodei xKOBKe KOl CeE TMPOOVOPUEIVOOKEQ@AA KIf
EEWTEPILKOP QGAOI Oo@namoshellsl €& a1l peTI KOO YyI Q

LzmBu ¥ 2 p0pQUUROY (TIO2)1 2] 4O UL 2

AbrosprichEfficiency “1

Wavelenght

1.%107°
185102

Figure 41 - ®dopa anoppodpnong nanoshell TiO2-Au, pe d1=70nm

Ve Extinction Efficiency

L 4/\‘ "~ Absorption Efficiency
\\'_\”*—‘—' —t——— 11— Ggattering Efficiency

F5 %1077 6.x10°7  7.x1077  8x1077 9x1077 1.x107® 1.1x10°®

Figure 42 - Qext, Qabs, Qsca yia d1=70nm ko dl=6nm
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FNta UVOAIXIYPPabaqpeIT©O o TEOI pypooyIpudur pE A

To 01 o&eidro TLTaviov OTTOdEL KV@PETAOAI (v
VOV OKEAQPWOWIV@ PE HPETOAPRBOAL ToOuv Taxy@patTtdpei G
EPULUKPL YeredshiffoHt i cc®o @ p O @B OB O 6BTA O 1y I JOE THOETYOOTA PNTEE |
KQUOEpO®OTI VOVTOO TO TMAX0O TOUL XPULUCOQ.

To €@pOo0C @GACUWATOGC TOUL TPOCO{ pePaEM €0 val
Emi ¢cOvad e LA MEGUEAECUATI KOTOBTO amoppoebBgOBO vyI a
Q Yygad £ivad OX @ X KOl v eE@PydI aT 0l amoppoeo
Y poyap ™ A .

H tTirtavia Aot mov e€ivat Cva vANPsOO I gV TIEOPAKPE PKUOL A

L 2MmB# A BIAY |

To @acgpa TmovnarshellAgAo,pe aomd o d1 OpKI el 0 TOU T
Ol BAEKTPIL KI CTOKE@dGVIWOUL KAKE HPETAAAOUL,

AbrosprionEfficiency =

Figure 43 - ®aopa anoppodnong nanoshell Ag-Au, pe d1=70nm
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AbrosprionEfficisncy

Wavelenght 1.x10°7°

N T

Figure 44 - - @daopa anoppodpnong nanoshell Ag-Au, pe d1=40nm

Ta mi o MAVW QackIUrTkdAeyval yarv@e@d ckDivdl of PE
Ol GueTpot WA p IKWA HEYOAQ@TEpPOULXEWe. oTAue T @D N
yioa TOV amodoT! KOT 85teav  oeTi ovpopl O 9O O & TT1 KLU PO T O .
Mey kB TTOo U Moo evodlLa@lpouv dev ETI TLUY XAV ET
L TTTA

Epocov (xel COPMTIEPL ABOKEIT Kal B o1 0pKwgO

0@0 HPMI{TAaAAA, TOTE Oewd PmOPEeMAWE KEMPODXE]J U OTC
COQAAPYANGYWW TOUL OTI €ival Kol To O0@o MPITOAANOA,
1 d1rotBteoc, €ival cav vaoa AuRuegpatapweog Wl @ivQ T G

OMMWo TeEPL PPOWOUKTEC.p AT PO i ol PETIPADO O X PUCOC
OTmMOdOTI KOO comanoShelmopoappopei nov Pl yi1 o xXplL c¢O ¢
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dLayer
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S.x1077

]

AbrospricnEfficiency

B.31077

8 x10°7

1.%107°
Wavelenght 4 2,.10°%

1.4%107°
Figure 45 - ®acpa anoppodnong nanoshell Si-Au, pe d1=70nm
15 -
1.0 -

05
3 Extinction Efficiency

- Absorption Efficiency

: : — ! : : L———— Scattering Efficiency
8.x10~7 1.x1070 1.2x1078 1.4x1078

Figure 46 - Qext, Qabs, Qsca yta d1=70nm ko dl=6nm

To TeAldevtiaio d1 WNRQoyweMI KEliov A Wagudog powlyl ¢16
amoppolpOcAMOTMTWWE A
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PopotOpefonadoniped i amtowp p 60 py01cA @t @ 0 PTEA XN KAOO | O @
AANE gBamodo0® . KaA@Ttepb amodoTl KOTBTA aTmOppPC
NPsSFAup e yaA @t epa, amo To0 W {yikekovol Ktobuy oy ETACGEUT | TKPOOK
¢uvdUuaSFAUCEd VvV Ol 0TI TO €@POOC amoppo@ebBgBO TOUL
K@Uuatoo Tmou 0¢&v T anaooshélgp tkabvkoovw qued TRAmM A oK O |

LzmMBuY Y JAD) t1zce1 UL i

To TirTdvio ,@gANVa@i vmday@drolva €pwWTOPATI KO aV
OIME KT PI KI CTOKEpPA 1 ox1 , KakKiT o ¢18 PBoIlBALoyp
METPILCEL O CXeRetmk @ T pgFer §@u/ ek 0K pt (VoL HPETAANA
O1 ltwsiwda1 pp moep m OB, o pmi 1 p. Tia 1OV Tax¢
Fermi d&d¢&ev uvmapyxe!l Kamot a TIL ML 10 BirBrxwugPPpaoi
pueyZkovo, 5mou pglijWa i

Figure 47 - Qabs ywa Ti-Au pe d1=40 nm

Figure 48 - Qabs ywa Ti-Au pe d1=70 nm
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dDacpa Antoppodpnong XQPIZ tn 816pOwon otn SinAektpikn otabepd

AbrosprionEfficisncy

Figure 49 - Qabs ywa Ti-Au pe d1=40 nm

Figure 50 - Qabs ywa Ti-Au pe d1=70 nm

ZXO0UV ULUTOAOYI COZDpPp @@ 6@ENBEU ayEmaa | MUE Wy eGYAOK O L O
@ T | P xXEAAAUuPBGdvVvoOoOvVvTIOao vmtoYyod ¢t1O pra Tmepi:
Ol BAeEKTPLl KI CTAaKEpOG, K al ¢CTOv AGAANOB OXI . Ae v
YPO@IL KI 0 dev o0@ei AetTal Ce TILKaAavealgcedihua, de
e Pl MT00 ¢ €

Ta amoteAlcpata dev ¢€ival I KavoTmol 811 K @, 0
© cyk oo aVTi CTOI XO HI KOO (KEYWOTDTO SBYyKEIKfMDIE.Y
VDAL KO O0egv TpoTEeiveToal yla X.pl ¢ ¢eg vavogwpart
2YMNEPAZMA:

ATTO Ta OUVAILKAG TOUL PeENE@T MKOBKwWVTOKEY @OV @i §a.

t ~ ~ -

nanoshellsc € kepamei a wo uUTPPPprRE@@EI AT 8 TO

o~ ., _ 7 hopoX 7 4" Twvel 1Lt OLheOVOULvOCguQQi AT Y
e wTepoOKO ®pPpuvcoe, Oivouv KaAl amodoTlI KOTOTOQ
BpickeTal CTO OTMTI KO TmMapAadkKupo OTUoOy OMmeEowW VYeii weo
Kal T O nbBrroovp PTEivwoa Kk a T1 0 KAT W @ai veTal B evep

DAL K& To6uk cevitiodhal,X Khe [ 01 o0 plyeEKOO:
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Nanoshells pe 8iapetpo nuprivo B * [J KoL Taxog xpuoou §wteptkol pAoLov
| . [

YAwo6 NupAva SiO2 TiO2 Si

{144 0 BTGP TT P& Y Gp TT T8O L & T

N a T0 CUYKEKNPI pTOopaogr@poampgduevagno@poebdgboa
MTupl Vvao dmé YAwplwo pl{yako@e TmoDaXNhanaatytuo

Ol ap T MNBUL ctvovuee T 0 01 a @l pel CE KAGaKe {(peuvva TO
(GAANO HPdI KOO KOUMAaTOOo aTmmoanpsbed Zqg® c,0c @A Momoppy IR

Kav{(va amo6 T1Ta TpPpia aurtTd ULAI KAa, OTMAG ylI O K
CUVKI KEgEO, uvmdapxel ©H duvvaoatotTHBta e€mMmlL Aoyl o HETAA
To acgl pi K Ol TO TlLTAOVI O &€V (Xouvv K oA
EE WTEeEP!I KAN, TTOKOOPII MEyMOPACUATI KA, O qguvdvacguoo

amoooT | RadoshelsAKaT AAABAO € Ti ¢ 6 oAdgecivantie pH KI1A, T O\ O
TOWT!l €ivaoalr To&&1 KO ¢&€ PlrLoAoOylKO@Oo | CTOQO.
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Figure 51 - Npooopoiwon dykou-ctoxov cto COMSOL

MC x p I ToO ¢(Opeio auto (xouvv ABokei vmmoYyo o
OAABAeTi OpagBO TmMouv poao evOILOa@lpeEl , B d1 adxvucg!
MAPAYOVTIOO T WVWIOOY IOPEDIP® @V TOV BAEKTPOPAYD
MeTaT p  TTopupvl Hiqel TTE E V 0B  OUAEAT COEBEALD T 1 1060 mOyl1 O
COMSOIr'i vetal &TmlI Aoyl Ttheabsourcé-Y)wo Kk @ogOmaoai(
XpcgTtTo, K al bpilyaoald oda(EFdO®al §OVTEAECTI

a oo ¢d mtaly™

0 "Ochuh 2o € 6 da
H (viac¢d TReop O@Laid m dr wi O CQUVTEAECTI O QATIC
B amoppoeOBCO TOUL LAIKOQ@, paOani pe TOBV OamMmoOppPpoOO
| @ 0 2°YOBi
0 €ivValapIOKuOBmMUKUMOT O T a T WV V OV 0 C WPIOPTI | KOUI 0LV .
vaovoCwpdatlt 0i wv) KYa vBa daxv €0pyykboou O 1 O T OTPOIL  OKTOIOKPEP O

VOVOCWPMOTITAIHMOUL TTOUL VDTTOAOY i ne&TaMathemattgok ati® o T
mpoCTi KEGMBOL ¢ T O

Mieo o1 mapvuedpoviamoapodbyoepedouvow DOk
CTOEOMSObvaoAuLTI KG, OTMOUL AavVAYypPA@EETAl €eKvadl e | BK Tel TKEAE
O Ti vakdMSOlc tkoo KT 0 y I dNPsxolasgroapXanm &wéiv o1 T1 gyl o
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M

MName

r_particle

r_core

d_core
d_shell
V_core
W shell
m_particle

M_particles

M_particles

NO
gabs
sabs

a_material
a_total

wi
wl
zZR
%0
y0
z0
PO
10
TO

t_total

ton
dt
dr
dz

Expression
25 [nm]

20 [nm]

2.65 [gfcm ™3]
19.3 [g/cm”3]

A*pi*r_core”3/3
A=pi*r_particle3/3-\V_core

d_core®V_core+d_shell*V_shell

0.2[mg]

M_particles/m_particle
MN_particles/(pi*dr"2*dz)

4741

gabs*pi*r_particle™2

35 [1/cm]

a_material+MN0*sabs

5 [mm]

667 [nm]
pifw0 "2 /wl
0 [m]

0 [m]

0 [m]

1 [W]
2*P0/ (pi*wl " 2)
293.15 [K]
5.5 [s]

5 [5]

0.1 [s]

10 [mm]

5 [mm]

Value

25E-8m
2E-8 m

2650 kg/m?®
19300 kg/m?
3.351E-23 m®
3.194E-23 m?
7.0524E-19 kg
2E-7 kg
2.8359E11
1.8054E17 1/...
4.741
9.3089E-15 m?
3500 1/m
5180.6 1/m
0.005 m
6.67E-7 m
117.75 m

0m

0m

0m

1TW

25465 W/m?®
293.15K

555

S5s

0.1s

0.01 m

0.005 m

Description

total radius of each nanoparticle
radius of the core of each nanoparticle
density of core mateial

density of shell material

volume of core region

volume of shell region

mass of each nanoparticle

total mass of nanoparticles

total number of nanoparticles

number density of the nanoparticles
absorption efficiency of each nanoparticle
absorption cross section of each nanoparticle
absorption coefficient of material
total absorption coefficient

beam waist at focus

beam wavelength

Rayleigh length

¥-position of the beam focus
y-position of the beam focus
Z-position of the beam focus

beam power

beam intensity at focus

ambient temperature

total simulation time

irradiation time

time step

cylinder radius

cylinder height

Figure 52 - Nivokag nopapEtpwv COMSOL
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dz(5)=0.005 m Time=5.5 s Volume: Temperature (degC)

45

40

{35

{ 30
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Figure 53 - Katavoun 6sppokpaciog os dyko pe NPs SiO2-Au

H Kepuyokpacgia {xel avpBel ¢ctOv emi@gdvela TO
QUVEIl HPYTNPUOUKMITTOTEAETI KOAICCEOPOPANOYULROSPKEPPL
To M1 o MAVW TMAapAadel yhgao €ival €VvVOEIKTI KO Twv
MpOYypdAaATIL K{O CUVKILI KEO. EKTO00 1T wlaservamog wproot |
XOPOKTOPI ¢TI KA TOowatoeailWEIC he KaXOPT @ @D O Ko |
VOVOCWHOAT I0)ikumio K@YWVO oKTKdaepBpobpboyivetar ¢
OVTOTOKPI VET A I VitkoANAvigaTEEP 0p QT Q KOl TTOU OATOCKOT

amotT{AecCpa.
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LImtit yt yygmti geryecydt gGIRIIaGGcwya
haht t myat 36 e

Pio B®&wwv peietTbkiasilicomea PG PYOR@ TIOUL OATMOCKDO
ETMIi TEVLED UITDEMKKEAP PKIGIG T O AV TIi CTAK X0 KK WP O & K\
OVOAULTI KI eme &1 yogoO TwVv PBOMGT k® K oTOV Y, QJMEV aq K
HMovTeAlomoi 8¢O 100 kKepameiao PML{GW UTMOAOYI CTI K

Pi o CUYKORPKEOOA QI | WMOTWT & & LCQUUIOITEOD AT @ O T O
amopplouyv amoe 1OV epyoaci a, Ka TeplLypag@ei (
OTMOoTEALCELl  gPRPacPOUPaYR INPST BOvi WM T o p@©® @ | g ww XHe 1 a
XPOCIL POTOTOO OauUTOQ@ €bOvOl PUTIPEAET !l KO, YEOYIDI TOUL T
vitro/in vivoTt € | p. oZuCotoux iV €atl ¢ T Il QUEO VO @Y CXTELPICOT O d1 GKE(
lasermrouv eKM{ PTE L Ce KlouykKweKkKpopkophog oo . Ol AovVvT
Vo TETQYXE.L TOV €@apuoOyli OUTTE, PRIEP MK G@DW U W@V ®
va amoteAlc¢ouvv (va alNB®yoov yk oo Xpoobvc. o TAOOIYO K 0 @ V

Ppocopolivovo me i prippsdicoe ATa X1 ¢ T O TTaliE & ipw 0Ol TO0
CQadApyaTwol dOpPglLovpyeiTal pra KaAlt BacgcOb yia (

CUVKL KEO

LRML rm{38B 11411 444A01Y

1. ApXl KGO yinveTov EFopadpvyldse!: CKTaIK I QU YTKOEUK p 1 W
Ml K@@AR 0OC TOUL.
Av TO0 Tei poapgao inmptooyTpyoo TIDITIKOA E i K@U O T OO0 X P!
El vaownme ade mepi mtwg¢gbB Opwo TmToinvivwa X pO ¢
mei papa, I 0Q&) [KINOVEKIOTIOI TEI T Al € KTO |
MTAPAKUMO OTO{i o CD@ugppAn > 1 Tl O avgtTOp
X TMwT fra'®
Al aQOoOpPETIKMOGPXEGY (T 0 laserpivaw T IEXITIA P TTE |
CUYKEKPI Wlkvpou o p DB QO 0 T @ntsdico M\ iop aqua  TTO L K
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mpoypatomol 6kei, Ka PBacgcinetar ¢t10Ov €op
01l aK (lasar yo

.A@POT OUK OKXOEPIT Q T €ipp 00 TOUL T PULTIEQ P OVYO ¢\Pi, v
mpl{mel va yivel KATAAABAOG e€mmi Aoyl TV
YT Tov 6pO0 OTI TO HPHI KOG KQUOTOO QTOPp
CTO OTMTI KO TMAPAKULPO, HYHMOPOQPOXVPAICROPPA ¢ 1 M
(AuNPs)mrouv (Xouv € @poTme paiTnooQum O WHE 6 O T WO
OTTOoOOdEiCT OMKPEO By OQPUEVO KEPAAOQL O.

e omolodl mMOTE e NAMD mamppamt@wO®@B O O Xpi g
(nanoshell, KOOKTCQUYKEKPL HLVO vavodoupl eival
OKTIl VOopwAricgr xegayy @oNIBmT{puoKkpo (

. Bdacge TWV TI1 O MNMEPUYUOEIDQIEIPIOTDdIPWOI wg O
Mathematicaoa A A & kKQOMSQJR@{ met1 va yivouv 81 Goo |
va Bpekei O oamodoTI KOTOTOAO amoppo@oCgoc

METOPBABT O TMOULU PYTMOPO@OV VO OpNANGONOWIVA €
nanoshell0 okau v@¢ KOaOKKOAYXOAa@D TOU €& WTEPLI KO
Q

ATTO Ta ULVAI KA Tmouvu e€AlyxXkKOBkKav mpobOyouvpudv
amdé Xpugo, ei val To O01o0&eidl o TOUL TVUL
d1 o0éei d1 o axaviov/TI TOAV

Me @d®¢T1 oavaAdAoyia mupl Vdai TA@ XOWDTI @A
VAL KO, ETMI TUYXAVETOAI O amoppoebcO TOO

CTO KATAAABAOUR!I KOO K@eupatoo (

. H petaBoAl TiBowomme A pyupbR UG de@TrepPpOb TpPpoOC
moQy ! v EOMSOMIultiphysics At 6 Mathematicak a T ay paBpo v 1T al
VEWUHETPIi a TowVv ovaméddepoaKOIOTa amoppoeh
Ml KOO KQUAOTOO lagek TEPmieada@wvTnapaduetTpol

COMSOL mapdAABAa NPs 1160 vpkdanpoy OTKupva ¢ i a, T O
OKTI1 VOBOMBOWO o ¢ X gaser®aol O BEW OYe wpeTpi a 1
(KapkKlt vI Ko@ Oypghantom)i opol i patoao/

Z1T (¢ OAMNOKAOpPiIi veTOlI TO mei papa mTpogoy
COMSOL Bv a@&B¢B T1TOBO KeEpUuOKpORiaaugraoy |
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GUHR1 JZ1{d AROMITL AMLAULVLIULOSASY

T00

ZCTWKOTE QOAOPPUOCOUHPNE ULVLTMEPHKEPHIO@ ICET @@ OF WQ AE
(XO0OAlL 0o EMOE. Qa0 OKOAOULKI coupge TOV d1 adi

MTPOYy MATIOOND ITIOVW TTeEi papga ¢TOV UTMOAOYI CT1 .

1. 310 epiy6OrmTo A e KT POVI KI O, L a”sverr & pr(oiuv VE @

0l aK{ ¢l pe olasee TtohNay & v XOPOKTOPL QT KTV
Ol ApKEel O TMAAPMO@, MYl KoOTdsprmov oo ywdyp«o
vao Xp6Ocgil pyocmowaviquoouduiek 6 | a sheeri TQQUIPEW @O0

EKTIUTE I AOKTL1 VOIRPOoEAGKXIT ad&Xed O ¢X o
plp @ 1dp ¢ BRoithner Lasertechnik GmBHRLTMDIS808-1W, Vienna,
Austri . H emi Aoyt {ytve pe BacgcbB 1OV €KTO

mpoxmok{cel o Xowl KL cOT1qQQe PB1o

.H emi Aoyl pao yla vavogwpati dta e€ival

OMmMwo Tmpoavael{pkbBke oamoppoeo@eWReawTI vol}f
OVTI K{CE! HE Ol eciwaePpOOpPpepar.ol 00 € v
MTUPIL VAO KO OOTOOUTPEIATEIiar,alKa KT 0 €1 val (va
OTTOo O € ioXTTI O KEEX € I K oAl o 1T 6 ONIR; v  adreovp pREpd @ |6
L davicwd®dvoamguupeV vidkouv o TOOILY € W@V OTIO1l BT 1 K
aomoppoOYRAYP Tawmaewei yi vel OAAQVY I 100
TIL TOViow.l TUupi TI

.Ppocopol Ttwo vgrdocop a a 1o pramoghblly® a1 da ewp a

MEY (KO guplframdathematica ¢ x oU € :
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Figure 55 - Qabs yia d1=60nm kat 2<dl<12 nm
Figure 54 - Qabs yta d1=40nm kou 2<dI<12 nm
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Figure 56 - Qabs yia d1=80nm kou 2<dI<12 nm Figure 57 - Qabs yia d1=100nm kau 2<di<12 nm
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Figure 58 - Qabs yia d1=120nm kaut 2<di<12 nm
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Néxog ®Aotov ZuvoAwkn Anodotikotnta

Mrikog Axtiva nupRva
Kopartoc di Awdpetpog NP Anoppodnong
R1 (nm) L

(nm) (nm) (nm) P v
3 3 20 3 46 C& wYTmdt v
; ﬁ 30 4 68 o ¢ wmnmmp
A A 40 6 92 h h
s 8 50 8 116 tp @ i T p
FoOR 60 11 142 clo x x T p

To CQA&APO TOU CUMPTEPI AL @K B KlE &IiTWOIPL KO
AOyYy w Ol OKPL TIL KL O I KavoTbrtao KaQKi o o
Mathematicay { ¢ @ € VvV TOTI CUO@ Touta@gaio@m® «oO
He cuvaptbOcO tTouvkmfowBpappatoo (6 1

Bacge TWv T1 o mavio Ad yemnaradhellggpda dwd pe Epo
WEOGKaKIT o 6 omodotTli KOTOTa oamoppEsebcObOo
efival ToOA@TIRAX@YKEK P! V@O pPLVKDD KoQpa-
Ty PT AV el M XPI K al T di1r mAdH a T op
evepyoo dirLoatopl o ppoHpong 6a ToOi woig pa

amoppoeBcOOo yra TO CUYKEKP!L UL vube yrebwp €
MZy1l ¢T B0 Tivwixcv(a ei vapmn cipé g KOl CT
PT8p) TWE AGUE T PI KIBKTEOUVD ava@I pPET AL TIPOOBYOUL I

Qabs

o

Wavelenght

4.x1077 6.x1077 8.x1077 1.x1078
Figure 59 - Qabs yia d1=80nm kou dI=6
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Total power dissipation density (W)
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Figure 60 - AMWAEL EVEPYELOG, CUVOPTHOEL TOU HIKOUG KULOTOG

lambda0 (um) Total power dissipation density (W) Resistive losses (W)

0.77500
0.78000
0.78500
0.79000
0.79500
0.80000
0.80500
0.81000
0.81500
0.82000

5.9825E-17
6.7517E-17
7.5111E-17
8.1689E-17
8.6262E-17
8.8040E-17
8.6783E-17
8.2781E-17
76731E-17
6.9534E-17

5.9825E-17
6.7517E-17
7.5111E-17
8.1689E-17
8.6262E-17
8.8040E-17
8.6783E-17
8.2781E-17
76731E-17
6.9534E-17

Figure 61 - Nivakag TLLWV TNG AMWAELOG EVEPYELAG TNG SECUNG CUVAPTACEL TOU IKOUG KUMOTOG

MZylL ct® amiAetl o pmaploit ptedi Tolv gmmo  TAV ®
TI1 P TTOo U COMO WV E I b E MEYAQAD aKpi Be
Mathematica AuvTto Mao eI BePal i vel 0TI 0]
OTMOTEACHUOTCOWE T OK. O ei val
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lambda0 (um) Total power dissipation density (W) Resistive losses (W)

0.80500 8.6783E-17 8.6783E-17
0.80600 8.6183E-17 8.6183E-17
0.80700 8.5488E-17 8.5488E-17
0.80800 8.4684E-17 8.4684E-17
0.80900 8.3782E-17 8.3782E-17
0.81000 8.2781E-17 8.2781E-17

Figure 62 — MwAKoG TLLWV TNG ATTWAELOG EVEPYELAC, LEYAAUTEPNG AKPiPBELOG

Eival €@t k106 va PBpekei @niodmpilXxsa at 8sov {
MPOGCOHUOi wW¢gBo COPMSOle,T o v o mrd iwa Kai Wl
rop Mnnp, aAAXd B TI Pl dAUTLl O&EV PTOPEI
EQPpeECcO 1TOO KeppdTOBTOO, (T¢I KpOoaTAApe 1
1 amdé 16v 106 mMpoCgoOPOi wgbO.

Frvwpinoviao 16 BIAT1 ¢T606 yelasgraopi aavav
XPOCI HOTIOI K@IOULWEIOA,V TTE (O XOUDEVA WETOATO Y | C U O
HETAPBOAI O TOO KeppOKPOCIi 25T pcotoovy 0d yuxs o,
¢ T@OMSOL

OF mapapetTpol TOU XPOCILUOTMOL I KBKOV @ai
o1 T1L plo el val Evodel KT1 K O, vyl a Ta
vovoCwpuatt 0i wv, o] XpOvoo OKTI1 VOBOABC
MeTaBaAAovTal OVAAOYy WO T WV MPpAYy HAT I KT
MET{TMEIL TAO ¢CTO €pyagrTlipl o, K Ol TAUVTOX P
MOGCO emBpedanel OB KAKE HPIL O TO TEALKO AT
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" a
Name Expression Value Description

35 [1/cm] 3500 1/m absorption coefficient of material

a_total a_material+NO*sabs 4470.1 1/m total absorption coefficient

d_core 2.65 [gfem*3] 2650 kg/m’® density of core mateial

d_shell 19.3 [g/em ™3] 19300 kgij density of shell material

dr 10 [mm] 001 m cylinder radius

dt 0.1 [s] 01s time step

dz 5 [mm] 0.005m cylinder height

10 2*PO/(pi*w0*2) 28521 W/m? beam intensity at focus

m_particle | d_core®V_core+d_shell*V_shell | 3.4054E-18 kg mass of each nanoparticle
M_particles|0.15[mg] 1.5E-7 kg total mass of nanoparticles
N_particles | M_particles/m_particle 4.4047E10 total number of nanoparticles

NO N_particles/{(pi*dr~2*dz) 2.8041E16 1/... number density of the nanoparticles
PO 1.12 [W] 112W beam power

gabs 5.204 5.204 absorption efficiency of each nanoparticle
r_core 40 [nm] 4E-8 m radius of the core of each nanoparticle
r_particle |46 [nm] 46E-8m total radius of each nanoparticle

sabs gabs*pi*r_particle®2 34594E-14 m*  absorption cross section of each nanoparticle
t.on 5 [s] 5s irradiation time

t_total 5.5 [s] 55s total simulation time

T0 293.15 [K] 293.15 K ambient temperature

V_core A*pi*r_core™3/3 2.6808E-22 m®  volume of core region

V_shell A*pi*r_particle~3/3-V_core 13964E-22 m®  volume of shell region

wi 5 [mm] 0.005m beam waist at focus

wl 808[nm] 8.08E-7 m beam wavelength

x0 0[m] Om *-position of the beam focus

y0 0 [m] Oom y-position of the beam focus

z0 0[m] Om z-position of the beam focus

zZR piFw0" 2wl 97.203 m Rayleigh length

Figure 63 - XapOoKTNPLOTIKEG APAETPOL TEOU 560NnKav yia to NP kat thv 8£oun laser

AMotTeA{CuUuAOTO MPMETAPRBOAIL O KEPHUOKPOACIi ao,

dz(5)=0.005 m Time=5.5 s Surface: Temperature (degC) o dz{5)=0.005 m Time=5.5 s Isosurface: Temperature (degC)
) 47.81
45.89
45 43.97
42.06
40.14
38.22
36.3

34.38
32.47
30.55
28.63

26.71
24.79
22.88

«
CITTTITT

20.96

Figure64-K a T o v 0 | 100 KEepy O KUK Figure 65 - looBspuikég emudpaveleg yia t_on=5sec

t_on=5sec

PapatBpooue 0711 B Keppokpagia {xel av&OBKEei
HIXpPprTaEr ItTa Tminvifrouiedh uPaoned vwudAd yi a @apy

nwvitawyoavadew onp{mel va emepwd 6 KeEPpUOKpPpOCIi a
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dz(5)=0.005 m Time=4.5 s

Figure66-Katavopul pOoCi aeppDBYV ¢

Zt1 ¢l , AOAAGNOVTOO TO OXPOIVDB oKEV IVOTPD AB L O |00 KE
T30l oOavTiigTol Xeo KatTavoulo @oaivovrtaoal Tl1 O KOO

AnoteAéopata petafoAng Osppokpaciag yio « . 'm ﬁ'|'=

o

Surface: Temperature (degC)

dz(5)=0.005 m Time=4.5 5 Isosurface: Temperature (degC)

45.29
43.54
41.8

40.05
38.31
36.57
34.82
33.08
31.33
29.59
27.85
26.1

24.36
22.62

20.87

Figure 67 - looBepuikég emudpAveleg yio t_on=4sec
t on=4sec

OANoOKABpTivOVTOOo Kal TO TeAevtaio Bt pa, (xXov
KEPUOKPACi ao ¢ToVvV CTdOpopauped®porR@m® peldnwW&A o IMEE
OULTI JPTTpEdEuewmd X €1 a ¢ T O TE i pPnovifraoy,! ag TT00 V& WrPOOCKTEL |
e pqra .
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tlytgrat yst o

210V Tapo@CgQA epyaci a MEAETI KOKE 0 € QO
VAV OGCWHOUTIlICip wd RoOAOYy Il ¢TI Ki v , TTpdOPcoo Uyolil d CE GV € @ ¢
epadCuOTOC OmMOPPOPOCOHO, KOl OKOMO .Ziylowe ya @T itdg
100 doepwaroyl K@aeod xogogowo@da amoteAlcuaTtTa 1600

T Tira va e€mI AegXKEeEi vavodouKQuEE PEDQEQOWAEVYV QRE.
e PBroAoyrt koo 1 ¢cto@ao, Tmplmetr VNRIO@KE.
To e€emI KLUPYOTO QrRxAWVENenq U qu oevrolngnsshell av ok Av @

T ZtT1 0 uvmoAoyl ¢T1,Kk{ p Matheratca g d A & ¢CGOMSOL
amodoei xXKOBKE OTI O amoppo@ebOBCO OBAekTpOMpdAYy
HMOVO amo T1Taoa UANRKOIT By 1doquma TwhHhw REGwT e pl1 |
MTouv €ival oaoTmapaoiNP@e 6B 1ya o yIpK & 6 VI JaT a.

T MetaBdAAoviao T1TO0o PM{yeEKOO TOU nanaspell va oA,

MHTTOPEI va €MITEULUXKEI amoppoebCB mMev peyad
OVI KOULUV CTO e¢NR®Po pmkooxmpwdq (kkoic 6 aT1mmoppc
Bpi ckeTal Badgcel Twv d@O TPOCOMPMOIT CE WV T

T Ta 1davi KKepRmBEFH awimd ouvuTd@ TOU PEAETI KB
e wTepl KOGU,xpwa@oOocTov TP,V anmu@@uwicwi a (

muopi Gk &€i val C L VAWTNOCPUOOLIC | TNOULV KaAil aTo
aomoppoeEbicvbaba, ProcupuPBatoi, K al emi ¢Bo ToO
MTAapPpoOULCIL ANEI MeETOTOTI ¢06 T p o oredshif). y a D@1 € p (
apyuvupoo/ agi pi aomoppi pkOBKE VyIaTi av Kol
aomoppB PO DevV evdei kKvurTal yl a XplL co C €

Tol KOTOBTOaO0, mMmapdayovioo €&al peTtl K& ¢OBpua:

T M{CCcw peAlTB0 ¢€&€ ULUMOAOYI CTI KO Tepl BAAAov
Ta Kot dWRsxt®dva e vmbOpetoeyv 1T ea v{@p/eKevoa oT, 6
OKOAOGQ@KWO VvVa ULVTMOAOYIl CTEI M{CCw auvTi v 0
YyEwWPETPIia TOL OYyKOULU TOU (XOULUME VA aAVTI |
AAKB Kal C¢C¢eaApgoTta.

Me a@opplI TO TPOAVAQEPKEI O CLUUTTEPACUO
DTTAPXEL MAOKI pa UVUAIL KIi v Touv adéangsbellv ¢&diBe p € «
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CUYKEKPIL MLV Oe DY OBATLIQUKOETVI TKPIWK | K o M €  Tgoe iqdulyoK € ¢
L ¢XQPeEl KAl ylra O, 0@E@XAENI KU WO ¢ ) AIEGEP@ VE DA V O
Topula TOOo vTe prwa p WicowoonaicgddoHb | T(K@qo poi WG O ¢

Mathematica d € v KOKI ¢Td LV arTl T6 MEACTEO TOULO
MTpoBAlTTeT al o Wie. QT & 0 k& wpP PAVGOLSTiov € | aOUTI T
ovvatoét bt a, MTTOPOOV VOO KATACKEULOCTOQ@OV MdE
nanospherefanoshells K o 1 va deAeTOKEI 0 ami Al a g€v

ML KB K@epatoo.

Emi ¢06 o, eEVI 0 ENPP R C O WpoREUOaAW®I | (€ WV (
Ol ACT AU PTUEKIEPI A PMOET | KA dedoplva Kal B eyKULpPO
eV 1L CXOQEI ME TOV TpiTOB TMpPpOCOMPMOi WCBOB (¢gXET
CUYKEKPL PWLvVoO ¢Ttodxo. Ei val KewpoOTI KI mp o
OTMOKAIL VEI Ce e€epyactOpl akio auelpt A xxamp.ady ©v
KOaKopinovv TO amot{Aecpua CC¢ ML O TeEl papa
HTTOpO@V VO TPOPBAEQPKOQPV Pl Cw cuTyoolopy 1AC T 1Pk 1Ka
eAdApyarTa CTO €pPpyaAgTI Pl O HPTMOPOQ@V VA TIPOK:
VOVOCWMPOTTIOd | (o ® X @ T aK € p I KeEpUOKpPpOACi a €pya
OKpi Beraoao Twv epyarei wv pltpbBgBo (mapdadce
XPOCIL PpoOoTMO!l €i Tal ¢ToO EPYOACTIL Pl O OTMT 0O A €K
aoBePBaoal 6T1T0TQ3) Ul KGO E VI o011l MTPOPROYEOOKY WP
VTOBakKpOvoO@EE B TTI PIPR COGEOXK A i Ce1 0.
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Leo1a1¢ dye

SToOPpAapPUO KA LUTE plokA @dr eoywop 4 ¢ T & Mathematica
ol &l CiTOeoE O Pp M@ O A aduMXdy qwa T ofuy comaw p a A OKQAKTEOCI | O
outputs T oW1 O | K@ TTOE AV O A o Y PBridowcovutoa 10 ITTwarpad & €¢I Tyl Yoo
TPl Y@ P Toyu VET @OV @WPE | KOTITAVK Ao Oal | I @ya Taa
TPl D& I @di v,eonuomm 6 A oaymwa | KBRicg@@ aldegmndoal Y1 a
EMO@AavVoupd) KamokE®VY CT/CE WPTOVE TTAV OA Ol BheNT@YO @Ol O
MOoOp.@WKIi &1 TKooma ¢ & X(irpbtkeei wwit o ¢l 00

Fimoe 1l papdT @ Pupla VKO Tvatitania a v silica, y | v & Ttda A A o y |
MET OB X&upovpayv T i cktoyiutgque vy ( K O

= Refractiveindices
Clear [a, d, dI, dlayer , wl, n1, n2, nm nmax
= Importsrefractiveindexdatafor variousmaterials

Import [*C\\ Users\\ marga\\ Desktop\\ Hyperthermia \\ Mathematica _New Refractingindex \\ n_Au. dat"]

{{0.1879, 1.28}, (0.1916, 1.32}, (0.1953, 1.34}, {0.1993, 1.33 }, {0.2033, 1.33}, {0.2073, 1.3}, {0.2119, 1.3}, (0.2164, 1.3},
{0.2214, 1.3}, {02262, 1.31}, (0.2313, 1.3}, {0.2371, 1.32}, {0.2426, 1.32 }, {0.249, 1.33}, {0.2551, 1.33}, (0.2616, 1.35 },

{0.2689, 1.38}, {0.2761, 1.43 }, (0.2844, 1.47 }, {0.2924, 1.49}, {0.3009, 1.53 }, {0.3107, 153}, {0.3204, 154}, {0.3315, 1.48 },
{0.3425, 1.48}, {0.3542, 1.5}, (0.3679, 1.48}, {0.3815, 1.46 }, {0.3974, 1.47 }, (0.4133, 1.46}, {0.4305, 1.45}, {0.4509, 1.38 },
{0.4714, 131}, {0.4959, 1.04 }, {0.5209, 0.62 }, {0.5486, 0.43}, {0.5821, 0.29 }, (0.6168, 0.21}, {0.6595, 0.14 }, {0.7045, 0.13 },
{0.756, 0.14 }, {0.8211, 0.16 }, {0.892, 0.17 }, {0.984, 0.22}, {1.088, 0.27 }, {1.216, 0.35}, {1.393, 0.43 }, {1.61, 0.56 }, {1.937, 0.92}}

NAU= %

{{0.1879, 1.28}, {0.1916, 1.32}, (0.1953, 1.34}, {0.1993, 1.33}, {0.2033, 1.33}, {0.2073, 1.3}, {0.2119, 1.3}, (0.2164, 1.3},
{0.2214, 1.3}, {02262, 1.31}, (0.2313, 1.3}, {0.2371, 1.32}, {0.2426, 1.32}, (0.249, 1.33}, {0.2551, 1.33}, (0.2616, 1.35 },

{0.2689, 1.38}, {0.2761, 1.43 }, (0.2844, 1.47}, {0.2924, 1.49}, {0.3009, 153}, {0.3107, 153}, {0.3204, 1.54 }, {0.3315, 1.48 },
{0.3425, 1.48 }, {0.3542, 1.5}, (0.3679, 1.48}, {0.3815, 1.46 }, {0.3974, 1.47 }, {0.4133, 1.46 }, {0.4305, 1.45}, {0.4509, 1.38 },
{0.4714, 131}, {0.4959, 1.04 }, {0.5209, 0.62 }, {0.5486, 0.43 ), {0.5821, 0.29 }, (0.6168, 0.21}, {0.6595, 0.14 }, {0.7045, 0.13 },
{0.756, 0.14 }, {0.8211, 0.16 }, (0.892, 0.17 }, {0.984, 0.22}, {1.088, 0.27 }, {1.216, 0.35), {1.393, 0.43}, {1.61, 0.56 }, {1.937, 0.92}}

Import ["C \\ Users\\ marga\\ Desktop\\ Hyperthermia \\ Mathematica _New Refractingindex \\ k_Au. dat"]

{{0.1879, 1.188}, {0.1916, 1.203}, {0.1953, 1.226 }, {0.1993, 1.251}, {0.2033, 1.277}, {0.2073, 1.304 }, {0.2119, 1.35}, {0.2164, 1.387 },
{0.2214, 1.427 }, {0.2262, 1.46 }, {0.2313, 1.497 }, {0.2371, 1.536 }, {0.2426, 1.577 }, {0.249, 1.631}, {0.2551, 1.688 }, {0.2616, 1.749 },
{0.2689, 1.803 }, {0.2761, 1.847 }, {0.2844, 1.869 }, {0.2924, 1.878 }, {0.3009, 1.889 }, {0.3107, 1.893 }, ({0.3204, 1.898 }, {0.3315, 1.883 },
{0.3425, 1.871}, {0.3542, 1.866 }, {0.3679, 1.895}, {0.3815, 1.933}, {0.3974, 1.952 }, {0.4133, 1958}, {0.4305, 1.948 }, {0.4509, 1.914},
(0.4714, 1.849 }, {0.4959, 1.833 }, {0.5209, 2.081}, {0.5486, 2.455}, ({0.5821, 2.863 ), {0.6168, 3.272}, {0.6595, 3.697 }, {0.7045, 4.103 },
{0.756, 4.542}, {0.8211, 5.083}, {0.892, 5.663}, {0.984, 6.35}, {1.088, 7.15}, {1.216, 8.145}, {1.393, 9.519}, {1.61, 11.21}, {1.937, 13.78}}

kAu = %

Import ["n_Ag dat"]

{{0.1879, 1.07 }, {0.1916, 1.1}, {0.1953, 1.12}, {0.1993, 1.14}, {0.2033, 1.15}, {0.2073, 1.18}, {0.2119, 1.2}, {0.2164, 1.22},

{0.2214, 1.25}, {0.2262, 1.26 }, {0.2313, 1.28}, {0.2371, 1.28}, {0.2426, 1.3}, {0.249, 1.31}, {0.2551, 1.33}, {0.2616, 1.35},

{0.2689, 1.38}, {0.2761, 1.41}, {0.2844, 1.41}, {0.2924, 1.39}, {0.3009, 1.34}, {0.3107, 1.13}, {0.3204, 0.81}, {0.3315, 0.17 },
{0.3425, 0.14}, {0.3542, 0.1}, {0.3679, 0.07 }, {0.3815, 0.05}, {0.3974, 0.05}, {0.4133, 0.05}, {0.4305, 0.04 }, {0.4509, 0.04 },
{0.4714, 0.05}, {0.4959, 0.05}, {0.5209, 0.05}, {0.5486, 0.06 }, {0.5821, 0.05}, {0.6168, 0.06 }, {0.6595, 0.05}, {0.7045, 0.04 },
{0.756, 0.03 }, {0.8211, 0.04 }, {0.892, 0.04}, {0.984, 0.04}, {1.088, 0.04}, {1.216, 0.09}, {1.393, 0.13}, {1.61, 0.15}, {1.937, 0.24}}

nAg=%

Import ["k_Ag. dat"]

{{0.1879, 1.212 }, {0.1916, 1.232}, {0.1953, 1.255}, ({0.1993, 1.277 }, {0.2033, 1.296 }, {0.2073, 1.312}, {0.2119, 1.325}, {0.2164, 1.336 },
(0.2214, 1.342}, {0.2262, 1.344 }, (0.2313, 1.357 }, {0.2371, 1.367 }, {0.2426, 1.378 ), {0.249, 1.389 }, (0.2551, 1.393}, {0.2616, 1.387 },
{0.2689, 1.372}, {0.2761, 1.331}, {0.2844, 1.264}, {0.2924, 1.161}, {0.3009, 0.964 }, {0.3107, 0.616 }, {0.3204, 0.392 }, {0.3315, 0.829 },
{0.3425, 1.142}, {0.3542, 1.419}, {0.3679, 1.657}, {0.3815, 1.864}, {0.3974, 2.07 }, {0.4133, 2.275}, {0.4305, 2.462}, {0.4509, 2.657 },
{0.4714, 2.869 }, {0.4959, 3.093 }, {0.5209, 3.324}, {0.5486, 3.586}, {0.5821, 3.858 }, {0.6168, 4.152}, {0.6595, 4.483 }, {0.7045, 4.838 },
{0.756, 5.242}, {0.8211, 5.727 }, {0.892, 6.312}, {0.984, 6.992 }, {1.088, 7.795}, {1.216, 8.828}, {1.393, 10.1}, {1.61, 11.85}, {1.937, 14.08 }}

kAg = %
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Import [“n_water.dat™]

2{8.2, 1.396}, /8225, 1.373}, {8.25, 1.362], -8.275,1.354}, {8.3, 1.349", (8.325, 1.346], ‘835, 1.343!, '8.375, 1.341}, 8.4, 1.339,
19.425, 1.338), :0.45, 1.337,, (9.47%, 1.336}, 8.5, 1.335>, (8.525,1.334, 10.55, 1.333>, {8.575, 1.333;, 0.6, 1.332}, (8.625, 1.332;,
18.65, 1.331;, (8.675, 1.331;, :0.7, 1.331}, :0.725, 1.33}, .0.75, 1.33., {0.775, 1.33}, (0.8, 1.329, {6.825, 1.329}, :0.85, 1.329.,
[0.875, 1.328}, '9.9, 1.328}, (8.925, 1.328:, (0.95, 1.327:, (8.975, 1.327", {1.,1.327:, {1.2, 1.324}, 1.4, 1.321:, (1.6, 1.317},

1.8, 1.312), 72.,1.396}, '2.2, 1.296>, (2.4, 1.279}, !2.6,1.242], :2.65, 1.219}, ‘2.7, 1.188:, (2.7%,1.1571, (2.8, 1.142:,

{2.85, 1.149., {2.9,1.201}, '2.95,1.292", {3_, 1.371, {3.85, 1.426", (3.1, 1.467}, '3.15, 1.483’, (3.2, 1.478}, :3.25, 1.467},

13.3, 1.45:, 13.35,1.432;, {3.4,1.42;, {3.45, 1.41}, !3.5,1.4}, (3.6, 1.385., !3.7, 1.374}, . 3.8, 1.3645, (3.9, 1.357}, 4., 1.351;,
4.1, 1.346, :4.2,1.342., 14.3,1.338}, /4.4, 1.334}, (4.5, 1.332., 4.6, 1.33:, 4.7, 1.33, (4.8, 1.33., 14.9, 1.328}, /5., 1.325;,

5.1, 1.322}, ‘5.2, 1.317", {5.3, 1.312}, 5.4, 1.385}, (5.5, 1.298", {5.6, 1.289}, ‘5.7, 1.277:, (5.8, 1.262°, [5.9, 1.248}, ‘6., 1.265},

6.1, 1.319}, 6.2, 1.363:, [6.3, 1357}, 6.4, 1.7}, (6.5, 1.339}, [6.6, 1.3}, ‘6.7, 1.329, (6.8, 1.324 , |6.9, 1.371],
(7., 1.317, 171, 1. 314}, 7.2, 1.312;, (7.3, 1.369}, {7.4,1.387}, ‘7.5, 1.384;, {7.6, 1.382}, (7.7, 1.299}, (7.8, 1.297;,
7.9, 1.294}, ‘8., 1.291;, ‘8.2, 1286}, (8.4, 1281}, {B.6,1.275}, ‘B.8, 1.2691, 9., 1.262°, 9.2, 1255}, 9.4, 1. 247}, (9.6, 1.239,
{9.8, 1.229!, (18, 1.218, {16.5, 1.185!, {11_, 1.153;, |11.5, 1.126;, {12, 1.111}, :12.5,1.123:, {13.,1.146}, (13.5, 1. 177},
(14, L2010, {145, 1241, {15, 1.27°, {15.5, 1L.297}, {16, 1.325", {16.5, 1.351 , {17., 1.376}, /17.5, 1.461", [18_, 1.423},
18.5,1.443 ., {19.,1.461}, (19.5, 1.476 , [20_, 148 , [21.,1.487], ‘22, 1.5}, <23, 1.511], ‘24, 1.521}, (2%, 1.531}, (26, 1.539],
127, 1.545:, 128, 1.549, {29, 1.551., {38, 1.551., {32, 1.546, {34, 1.536}, (36, 1.527}, {38, 1.522}, (48, 1.519}, :42, 1.522},
144, 1.53;, (46, 1.541}, ‘48, 1.555;, /50, 1.587}, /68, 1703, 70, 1821}, ‘88, 1.886/!, (99, 1.924°, /189, 1.957;, ‘118, 1.966,
128, 2.664!, -130, 2.836:, (148, 2.856), '150, 2.869, {168, 2_681., 176, 2.891}, /189, 2_167., (196, 2119, |266, 213",

nH2) = %

Tmport [ "k water.dat™]

BH2D = 5

Import [ “C:\illsersimarga i DesktopiHyper thermla e thesatica NerO\RefractingTndexin Si mews. dat™]

nsi- g

Import [ “C:\llsersimarga i DesktopiHyper thermla M thesatica NewO\Refract ingTndexi e S1 mew. dat™]

kSi- 3%

Import [ “C:sersVimarga\Desktop\\Hyperthermia i Methesatica Bew\iRefractingTndex\in_ $i02.dat™)

nsi02 = %

Import ["n TiD2.dat™]

nTif2 = %

Import [“m_Ti.dat®)

nTi = %

Import ["k_Ti.dat™)

KTi=%

= Findsthe red and imaginary part of the refractiveindex for each materia throughinterpdation

nAuf = Interpolation [mAu]

10188, 19453
scalar

InterpolatingFunction

kAuf - Interpolation [kiu)

InterpolatingFunction

nsif - Interpolation (mSi)

InterpolatingFunction B 1103 145
ksif Interpolation[kSi)
InterpolatingFunction 103 145
nAgf = Interpalation [nAg)
InterpolatingFunction Si{aﬂlgraa, 19431
kiAgf - Interpolation (kAg)
InterpolatingFunction ! si{a?:ra& 1944
nH20F - Interpolation [nH20)
InterpolatingFunction ' / Si’:l:; 200
KH2OF = Interpolation [kH20)

{i02, 2004 -

InterpolatingFunction ’ T

scalar
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el =

Chidf - =

Il =

Ol =

el =

Ol =

Il =

Chidf -« =

el =

Ol =

Il =

O« =

el = =

Irff

Iaf = =

Il =

Il =

Iaff - =

el =

Il =

Il =

=

nS$i02f = Interpolation [n$i02]

Domain: {{0.21, 6.7}

% Output: scalar

InterpolatingFunction

nTi02f = Interpolation [nTi02]

Domain: {{0.43, 1.53}}

Output: scalar

InterpolatingFunction

nTif = Interpolation[nTi]

Domain: {{0.188, 1.94}}

Output: scalar

InterpolatingFunction

kTif = Interpolation[kTi]

Domain: {{0.188, 1.94}}

Output: scalar

InterpolatingFunction[

= Me Theory for purenanospheres (made of only one materia, eg. Gold)

ml =nl/nm
nl
nm

m2 = n2 / nm

n2

nm

¥1 := 2PiR1 nm/wl

%2 := 2PiR2 nm/wl

fi[n , x ] := x SphericalBessell[n, x]
f2[n_, x_] := xSphericalBesselY[n, x]
f3[n_, x_] := xSphericalHankelH1[n, x]
y1l :=mlx1

y22 := m2 x2

y12 :=mlx2

y21 1= m2x1 80



nf

outf

nf

- an= ((f1 [n, x] /. x>x2) (DIfl [n, x], x] /. x> y22) -m2(D[fl [n, x], x] /. x> x2) (f1 [n, x] /. x> y22)) /

((f3 [n, x] /. x=x2) (D[fL [n, x], x] /. X =»y22) -m2(D[f3 [n, x], x] /. x=x2) (f1 [n, X] /. X » y22))

2nmr R2SphericalBesseld  [n, z%;nz] SphericalBesseld  [n, ”

[ wi SphericalBesseld |

2n27R2
i

2n27R2

1
2|

4n2r7R2

e

2“‘21; R2) sphericalBessel |1+,

2n27R2
Sl

2n2rR2] N

wi
1 2n2 7 R2 2 R2
2n22nRZSpher|calBesSe|J n, 2nenRe SphericalBessell n, 2N RS +
nmwl wi wi
wi Sph " L \ 2 nmr R2;
2 nimyr R | - M SPencaBessel [0 Ty ] + ! (sphericalBesseld [-1+n, 2™FR?] _sphericalBesseld [1+n, 2™ R?] )]
4 nmr R2 2 wi w 1
/ — 2nmrR2
wi wl
wl SphericalBesseld [n, 21272 2 n2n R2 sn2aR2] ) |
2n2n1R2|- L + > (Spher J [—1+ n, 202x ] - SphericalBesselJ [1+ n, "7”])
2n21R2 4n27R2 2 wl wi
Spheric 3 [ ) J +
wi wi
2 R2 1 2n2n1R2
SphericalHankelH1 [n, ﬂ] - ——2n?n R2SphericalBesseld [n, L]
wl nmwl wi
| SphericalHankel , 2nmrR2 .
2nmrR2 |- e + 1 (SphericalHankelH1 [-1+n, 2"™®2] _ SphericalHankelH1 [1+n, 2MR2])
2 nmr R2 4 nmr R2 2 wi wi
SphericalHankelH1 [n, ] .
wi wl
Simplify [an]
2 . 2 nmr R2 . 2n27R2
2 n2° nmrt R2 SphericalBesseld [71 +n, 7|] SphericalBessell [n, 7|] -
wi wi
2n21R2 2 R2 2n2 1 R2 2 R2
2n2nnf R2SphericalBessell [71 +n, niﬂ] SphericalBesselJ [n, nmiu] +n2%wl SphericalBesseld [n, n#] SphericalBessell [n, &] -
wl wi wl wi
2n2 71 R2 2 R2 2 R2 2n2nR2
nnf wi Spheric: J [n, nex } Spher J [n, nme ] +2n2nnf R Spher J [n, nmve ] SphericalB 1J [1+ n, ner ] -
wl wl wi wi
2n2n1R2 2 R2
2 n2? nmr R2SphericalBessell [n, ni/li] SphericalBesseld [1 +n, % ] )/
wi wi
2n2 1 R2 2n2 7 R2 2nmr R2
(2 n2 nnf r R2 (—SphericaIBesseIJ [—1 +n, T ] + SphericalBessell [1 +n, T ] ] SphericalHankelH1 [n. " ] +
Wi Wi wi
2n27R2
SphericalBesseld [n. 7”]
wi
2 nmr R2 2 nmr R2 2nmrR27 )
[2 n22 nmrr R2SphericalHankelH1 {fl +n, 7? ] + (n2% - nnf) wi SphericalHankelH1 [n, 7|] - 2n22 nmr R2SphericalHankelH1 |1 +n, T } ) ]
\ wi wi wi
an=%
bn= (m2(fl[n, x] /. x=»x2) (D[fl [n, x], x] /. x»>Yy22) - (D[fl [n, x], x] /. x=>x2) (fL [n, X] /. x>Yy22)) /
(m2(f3 [n, x] /. x> x2) (D[fl [n, x], x] /. x»Yy22) - (D[f3 [n, x], x] /. x> x2) (f1 [n, x] /. X »Yy22))
( 2n27mR2
202m2| - Sphe"caIBis:zu Rz"’ wl J.% ( ) [-ten, 2“‘2,';‘ R2]_sphericalBessel |1+, 2"3\/; Rz])
2n2 7 R2SphericalBesseld  [n, 2M™R2| |SphericalBesseld  [n, 22R?] .
wl wi wi
wi
1 ) 2n2 71 R2 . 2 nmr R2
— 2 n2 7 R2SphericalBessell n, Spheric: 1J [n, +
wi wi wi
\
/ 2nm R2]
2nmrR2 |- w sphercaibessed_[n, *735 P + 1 (SphericalBesseld [-1+n, 2MMR2| _ SphericalBesseld  [1+n, 20RZ] ) ]
4nmr R2 2 wi w 1
/ — 2n2n1R2
wi wi
[ wi SphericaBesseld |n, 2127 RQ} N . . . P
2n27R2|- WL ;% (SphericalBesseld [-1+n, 2%R?] _SphericalBessel) [1+n, 202182
2n2 tR2 4n2rR2 2 w wi
SphericalBesseld [n. ] +
wi wi
. 2nmr R2 1 ) 2n21R2
SphericalHankelH1 [n, 7] - — 2n2 7 R2SphericalBesseld [n, 7]
wi wi wi
| SphericalHankell  2nmrR2 \
2nmrR2 |- i sphercaiankelt[n, 2107 ] w1 (SphericalHankelH1 [-1+n, 202 SphericalHankelH1 [1+n, 20mR2] )
2 nmn R2 4 nmi R2 2 wi wi
SphericalHankelH1 [n, ]+ /
wi wl
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wp- Simplify[bn)

n2 s R2

t . - . - o2m2x . - 2 - . 2 = R2
iy |m|Spher1ca18esse1] 1 n, wSpher'lralnesseu n, n2SphericalBessell 1.n, SpherlmlBesselJ[n, ]

n2~R2- 2n2-R2

wl

ZT.I,‘TRZ"I /

] SphericalBessel] [l n, a ;

. 2mn R2- . 2 . -
n25pher1call1essel][n, —1 SphericalBessel] {1 i, nn SphericalBessel] n,
[

TR2-

2n27R2- ' .
SphericalHankelH1

2rl17rR2]

Wl

2mTR2-
.

. - 2n2
| SphericalBessell 1 n,

;nZ : SphericalBesselJ[ 1:n, n,
TR2-

. 2n2; nnTR2-
nm Spherical Bessell [n, —1
[

¢ 2 -
SphericalHankelHi[ 1:n, SphericalHankelH1l 11 n,

wrop- b= %
» Gladaion of themodification of therefradtiveindicesduetothesmdl szeof the nancpartides(thenumericd vauesafthe parametasoomespand togdld
nanopatides)
srp- ex[w, L] = ebulk + wpA2/ (wA2 + Twvf /Linf) -wp”2/ (wA2 + Iwvf /Linf + ATwvf /L)
wp- MX[W_y L] 3= Sqri[ebulk + wpr2 / (w”2 + Iwvf / Linf) -wpr2 / (w2 + Twvf /Linf + Alwvf /L) ]
st~ h=6,626+100-34
oyt 6.626>107*
wi-t- hbar=h/2/Pi
any -+ 1.05456x10 >
ot WP = 9,03+ 1.6%104-19 / hbar
o 1.37005 x 10
wpp- vf = 1.4:1006
O 1.4:10°
s - Linf = 42,0::104-9
ooyt 4.2<10 %
wyop- A=1
ooy 1
mop- €= 3,108
O} 3. x18*
wrop- W=2Pic/wl
aoy - 1.88496>10° /Wl

wrop- WX =Wl /100 -6
ey 1000000 wl

s~ ehulk = (nAuf [wx] + ITkAuf [wx] ) ~2

Domair: {{0.188, .94} ~
Dutput: scalar

Dorrair: {0188, 194}
utput scalar

ang-¢ | InterpolatingFunction ’ "1000000 wl | | InterpolatingFunction [ 1680 000 w1 |
= Radiusofthenancpartide

wp-R2=d/2
d

Qi -}
2

= Madmum number oftamsin thesaies

oy op- MBAX = 20

onif - 20
= Gdaddion oftheetindion efficency

wyp- Qext = (2/x272) Sum[ (2m + 1) Re[am + bn], (n, 1, nmax} ]
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(2w (3Re|

)0, (dnmr) /wl] 11, @n2) /vl 3 [0, (dn2) /] )
n2 31, (dnm) sl (2, (dn2m) /) - 3 (1, dn2) wl

(1, (dnmr) /w

2

(dnmr) /wil) / (n2 (-SphericalBesseld (0, (dn2r) /wl] - SphericalBesseld (2, (dn2yr) /wl]) SphericalHankelH1 (1, (dnmy) /wi] +

3 1L (2 sw 0, (dnmy) /wl) - SphericalHankelH1 (2, (dnm) /wl 1)) +
(dn2® nm SphericalBesseld (0, (dnmy) /wi ) SphericalBesseld (1, (dn2 ) /wl] - dn2 nnf x SphericalBesseld (0, (dn2x) /wi
SphericalBesseld (1, (dnmr) /wi] - n2*wl SphericalBesseld (1, (dn2r) /wl] SphericalBesseld (1, (dnm) /wl] -
nnf wi SphericalBesseld (1, (dn2) /wil] SphericalBesseld (1, (dnmr) /wi] - dn2 nrf r SphericalBessel) [1, (dnmr) /wl]
SphericalBesseld (2. (dn2 1) /wi] - dn2* DL dn2n) /Wl (2. @nm) /wll) /
(dn2 nnf = (- SphericalBesseld (0, (dn2) /wl] + 3 (2, (@n2m /W) (1, (dnm /wl -
SphericalBesseld (1, (dn2r) /wl) (dn2* nmr SphericalHankelH1 (0, (dnmrr) /wi) +
(n2? - nnf) wl SphericalkankelHL (1, (dnms) /wl| - d n2* nmr SphericalHankelHL (2, (dnmr) /wi1]]]
5Re| (nmSphericalBesseld (1, (dnm) /wl] SphericalBesseld (2, (dn2r) /wl] - n2 SphericalBesseld (1, (dn2 ) /wl]
SphericalBesseld (2, (dnmr) /wl| + n2 SphericalBesseld (2, (d ) / wl| SphericalBesseld (3, (dn2n) /wl|

)2 @2 sl (3, (dnm) /w))
2 ( 3 (1, (dn2m) /Wl 3 (3, (dn2m) /wi]) SphericalHankelH1 (2, (dnmm) /wi] +
) 2, (dn2) s (1, (dnms) /wi] - SphericalHankelH1 (3, (dnm) /wi])) +

(dn2? nmr SphericalBesseld (1, (dnmvr) /wi) SphericalBessel) (2, (dn2r) /wl| - dn2 nnf 7 SphericalBesseld (1, (dn2 ) /wl
SphericalBesseld (2, (dnm) /i ] +n2’wl SphericalBesseld (2, (dn2sr) /w] SphericalBesseld (2, (dnmr) /wl] -
nf wl SphericalBesseld (2, (dn2.r) /wl] SphericalBesseld (2, (dnmr) /wl] +dn2nni r SphericalBesseld 2, (dnm) /wl)
SphericalBesseld (3, (dn2r) /wi] - dn2* nmr SphericalBesseld 2, (dn2 ) /wl] SphericalBesseld (3, (dnm) /wi1| /

(dn2 mnf 3 (1 (dn2n) swl 313, @z /W) (2, @nm) /w) -
SphericalBesseld (2, (dn2) /wl) (dn2* nm SphericalHankelHL (1, (d nme) /wl +
(02 - | wl SphericalankelH1 (2, (dnm) /wl] ~d n2* nm SphericalHankelHL (3, (dnm) /wi )} | +

7Re (nmSphericalBessel) 2, (dnm) /wl) SphericalBesseld (3, (dn2 ) /wl] - n2 SphericalBesseld (2, (dn2) /wl]

SphericalBesseld (3, (dnm) /wi] +n2 SphericalBesseld 3, (dnm) /i) SphericalBesseld (4, (dn27) /wl]

33, (@2 s (4, (dnm) /)
n2 3 (2, (dn2m) /wl) 3[4, (dn2) /wi]) SphericalHankelH1 (3, (dnm) /wi] +
)3 dn2m) sw 2, (dnm) /wl] - SphericalHankelH1 (4, (dnm) /wl])) +

(dn2” nm SphericalBesseld (2, (dnmy) /wi) SphericalBesseld (3, (dn2 ) /wl] - dn2 nnf x SphericalBesseld (2, (dn2) /wi
SphericalBesseld (3, (dnmr) /wi] + n2*wl SphericalBesseld (3, (dn2r) /wl] SphericalBesseld (3, (dnmr) /wl] -
nnf wl SphericalBesseld (3, (dn2.r) /wl] SphericalBesseld (3, (dnmr) /wl] - dn2nnf  SphericalBesseld (3, (dnm) /wl)

SphericalBesseld (4, (dn2) /wl ]| -dn2* D (3, (dn2x) /W] (4, (dnmm) /wi])/
(dn2nnir ( J (2, (dn2m) /wl] + J (4, (dn2m) /wWi]) 13, (dnmr) /Wl o+
SphericalBesseld (3, (dn2x) /wl] (dn2? nmr SphericalHankelHL (2, (dnm) /wl] +
(n2° - o] wi SphericalHankelHL (3, (dnmir) /w] - d n2* nmr SphericalbankelH1 (4, (dnmy) /wi]) )|
9Re| (3, (dnmo) /] 3 (4, (dn2 /wl] - n2SphericalBesseld (3, (dn2r) /]
SphericalBesseld (4, (dnmr) /wi] + n2 SphericalBesseld (4, (dnm) /wl] SphericalBessel) (5, (dn2) /wl] -
J (4, (dn27) /Wl 15, (dnmm) /wl])
n2 ( J (3, (dn2m) /W] + J (5, (dn2) /wl)) SphericalHankelH1 (4, (dnm) /wl) +
)14 dnz) 3, (dnmr) /wl) - SphericalHankelH (5, (dnmr) /wl]) )

(dn2? nnvr SphericalBessel) (3, (dnnvi) /wil) SphericalBesseld (4, (dn2n) /wl] - dn2 nif 1 SphericalBessel) (3, (dn2 ) /wl
SphericalBesseld (4, (dnmr) /wl] +n2’wl SphericalBesseld (4, (dn2r) /wl] SphericalBesseld (4, (dnmr) /wl] -
o wl SphericalBesseld (4, (dn2r) /wi] SphericalBesseld (4, (dnm) /wl] + dn2 nf x SphericalBesseld (4, (dnmvr) /wl]
SphericalBessel] (5, (dn2) /wi] - dn2’ 3[4, (dn27) /W] 15, (dnmm) /wl])/
(dn2 o« (- SphericalBesseld (3, (dn2 ) /wl] + 3 (s, dn2n ) 14, (dnm) /wl] +
‘SphericalBesseld (4, (dn2r) /wl] (dn2* nmx SphericalHankelHL (3, (dnmr) /wi] +
(n2? - nnf) wi SphericalHankelH1 (4, (dnmm) /wil] - d n2? nmr SphericalHankelH1 (5, (dnm) /wil) )]+

11Re| (4, (dnmm) /vl ] 3 (5. (dn2n) /wl] - n2 SphericalBessel) (4, (dn2) /wl]
SphericalBesseld (5, (dnm) /wi] + n2 SphericalBessel (5, (dnm) /wl] SphericalBesseld (6, (dn2m) /wl] -
15, (dn2) /vl 16, (dnm) /)
2 ( 3[4, (dn27) /Wl 3 (6, (dn2) /wi]) SphericalHankelH1 [S, (dnm) /vl ] +
3 (5, (dn2m) /i 4, (dnmr) /i) - SphericalHankelH1 (6, (dnmr) /wi])) +

(dn2* nm SphericalBesseld (4, (dnmr) /wl) SphericalBesseld (5, (dn2 ) /w] - dn2 i~ SphericalBesseld (4, (dn27) /wl
SphericalBessel) (5, (dnm) /wl] « n2?wl SphericalBesseld (5, (dn2) /wl] SphericalBesseld (5, (dnmr) /wl]
nnf wl SphericalBesseld (5, (dn2) /wil] SphericalBessel (5, (dnmr) /wl] + dn2 nni r SphericalBesseld (5, (dnm) /wl]

SphericalBessel] (6, (dn2) /wi] - dn2® 3 (5, (dn2n) /Wl 16, (dnmm) /wi])/
(dnznrf = (- SphericalBesseld (4, (dn21) /wl] + 3 (6 dn2m /) (5. @nm) /wl) +
(5. (dn2) /wl) (i p 4, (dnm) /W]
(n2? - nn ] wl SphericalHankeHL (5, (dnmur) /wl] - dn2’ nmr SphericaliankelHl (6, (dnmy) /wl] ||
13Re| (5. (dnmn) /wl] 3 (6, (dn2r) /wl] - n2SphericalBesseld (5, (dn2r) /wi]
SphericalBesseld (6, (dnm) /wl] +n2 SphericalBesseld 6, (dnmvr) /wl] SphericalBesseld (7, (dn2n) /wl] -
(6. (@n27) /wl (7. @nmn) /1wl /
n2 3 (5, (dn2 /W 3 (7, (dn2) /wl]) SphericalHankelHL (6, (dnm) /vl |
(6, (dn2n) /1wl 5, (dnmr) /wl] - SphericalHankelH1 (7, (dnm) /i ])) +

(dn2? nmy SphericalBesseld [, (dnmvr) /wl] SphericalBesseld (6, (dn27) /wl] - dn2 nif 7 SphericalBessel) 5, (dn2.7) /wi
SphericalBesseld (6, (dnm) /wi| «n2*wl SphericalBesseld (6, (dn2r) /wl] SphericalBesseld (6, (dnm) /wl]
nnf wi SphericalBesseld (6, (dn27) /wil] SphericalBesseld (6, (dnm) /wil] « dn2 nnf r SphericalBesseld (6, (dnm) /wl]
SphericalBesseld [7, (dn2m) /wl] - dn2’ nmr SphericalBessel) (6, (dn2 ) /wl] SphericalBesseld (7, (dnmr) /wl]| /
(dn2 o x (-SphericalBesseld (5, (dn2r) /wl] + 307, dn2m sl 16, (dnmm) /wl]
SphericalBessel) 6, (@n27) /wl] (dn2’ nmy SphericalHankelH1 (5, (dnmy) /wl] +
(n2? - nnf| wi SphericalHankelH1 (6, (dnmvr) /wi] -d n2’ nm SphericalHankelH1 (7, (dnm) /wi])}] +

15Re| (6, (dnm) /wl) 3 (7, (dn27) /wl] - n2 SphericalBesseld (6, (dn2 1) /wi]
SphericalBesseld (7, (dnmm) /wl] +n2 SphericalBesseld 7, (dnmm) / wl] SphericalBesseld (8, (dn2m) /wl] -
17, (dn2n) /wh (8, (dnmn) /wl]) /
n2 )16 (dn2m) /W] + 3 (8, (dn2) /wl]) SphericalHankelH1 (7, (dnmm) /wl] +
)17, (dn2) w 6, (dnvr) /Wi - SphericalHankelH1 (8, (dnm) /wl])) +

(an2? nvr SphericalBessel) (6, (dnmvr) /wl) SphericalBesseld (7, (dn2m) /wl] - dn2 ni  SphericalBesseld (6, (dn27) /wl
SphericalBesseld (7, (dnm) /wl] +n2’wl SphericalBesseld (7, (dn2r) /w] SphericalBesseld (7, (dnmr) /wl] -
nf wl SphericalBesseld (7, (dn2.r) /wl] SphericalBesseld (7, (dnmr) /wl| +dn2nni  SphericalBesseld (7, (dnm) /wl)
SphericalBesseld (8, (dn2r) /wl] - dn2’ nm SphericalBessel) (7, (dn2x) /wl) SphericalBesseld (8, (dnmr) /wl]) /

(dn2nnf 7 ( J 16, (dn2m) /wl] + J (8, (dn2m) /wi]) 17, (dnmr) /wi+
‘SphericalBessel) (7, (dn277) /wl] (dn2® nmy SphericalHankelH1 (6, (dnmr) /wl] +
(n2? - ] wi SphericalHankelHL (7, (dnmir) /wl] - d n2? nm SphericalHankelH1 (8, (dnm) /wi1)) ] +
17Re| (7. dnm) /wl) 3 (8 (dn2) /wl] - n2SphericalBesseld (7, (dn2s) /wi]
SphericalBesseld (8, (dnm) /wi] +n2 SphericalBessel) (8, (d nmi) / wl) SphericalBesseld (9, (dn2r) /wl] -
8, (dn27) /wl (9, (dnmn) /wl]) /
n2 37, dn2) sl 3 (9, (dn2r) /wl]) SphericalHankelHL (8, (dnm) /wl| «
)18 (dn2n) /wl 7, (dnmv) /i) - SphericalHankelH1 (9, (dnm) /wl])) +

(dn2* nmy SphericalBesseld (7, (dnmvr) /wi] SphericalBesseld (8, (dn2) /wl] - dn2nnf x SphericalBesseld 7, (dn27) /wl
SphericalBesseld (8, (dnmr) /wi] +n2*wl SphericalBessel) (8, (dn2r) /wl] SphericalBesseld (8, (dnmy) /wl] -
o wi SphericalBessel) (8, (dn2x) /wi] SphericalBesseld (8, (dnm) /wi] - dn2 nnf x SphericalBesseld (8, (dnmvr) /wl]
SphericalBessel) (9, (dn2) /wl] - d n2? nmr SphericalBesseld (8, (dn2 ) /wl] SphericalBesseld [9, (dnm) /wl ]|/

(dn2 nnf ) (7, @n2m W) - 319, (@2 /wi)) 18, (dnmm) /wl
‘SphericalBesseld (8, (dn2r) /wl] (dn2’ nvr SphericalHankelH1 (7, (dnmv) /wl] +
(n2” - ) wl SphericalHankelH1 (8, (dnm) /wl] - d n2 nm SphericalHankelH1 (9, (dnmy) /wi1))] +
19Re| (8, (dnm) /wl] 319, (dn2) /wl] - n2 SphericalBesseld (8, (dn2) /wi]
SphericalBesseld (9, (dnm) /wl] + n2 SphericalBesseld [9, (dnmvi) /wl] SphericalBesseld (10, (dn2r) /wl] -
319, (dn2n) /Wl (10, (dnmn) /wl])
n2 )8, (dn2m) /wl - 3 110, (dn27m) /wl]) SphericalHankelH1 (9, (dnmm) /wl] +
319, (dn2n) /Wl 8, (dnnv) /Wi - SphericalHankelH1 (10, (dnm) /wl])) +

(dn2? nmr SphericalBessel) (8, (dnmvr) /wi] SphericalBesseld (9, (dn2:m) /wl] - dn2nnf r SphericalBesseld 8, (dn2) /wl
SphericalBesseld (9, (dnm) /wi] +n2*wl SphericalBesseld (9, (dn21) /wl) SphericalBesseld (9, (dnmy) /wl] -
nf wl SphericalBesseld (9, (dn2r) /wl] SphericalBesseld (9, (dnmr) /wl| - dn2nni 7 SphericalBessel) (9, (dnmvr) /wl)
SphericalBessel) [10, (dn2m) /wi] - dn2? )19, (dn2m) /W] (10, (dnmr) /wll) )

(dn2nf x (-SphericalBesseld (8, (dn2) /wl] + SphericalBesseld (10, (dn2) /wi]) SphericalHankelH1 (9, (d nm) /wl] +
SphericalBesseld (9, (dn2/) /wi] (dn2* nm SphericalHankelHL (8, (dnmv) /wi | +

(n2? - nnt) wi SphericalHankelH1 (9, (dnmvr) /wi] - d n2? nmr SphericalHankelH1 (10, (dnmvr) /wil) )]+

21Re| (9, (dnmr) /vl 3 (10, (dn2) /wi] - n2 SphericalBessel) (9, (dn2.) /wl]
SphericalBesseld (10, (dnmy) /wi] « n2 SphericalBesseld (10, (dnmy) /wl] SphericalBesseld (11, (dn2y1) /wl] -
110, (dn27) /wi (11, (dnm) /) /
2 309, (dn2x) /W]« 3 (11, (dn2s1) /wi]) SphericalHankelH1 (10, (dnmr) /wi] +

J 110, (dn27) /i) (Sph 9, (dnmr) /wl) - SphericalHankelH1 (11, (dnm) /wl]))
(dn2® nm SphericalBesseld (9, (dnmy) /wi ) SphericalBesseld (10, (dn2 ) /wl] - dn2 nnf 7 SphericalBesseld (9, (dn271) /wl
SphericalBesseld (10, (dnmr) /wl] < n2*wl SphericalBesseld (10, (dn2r) /wl] SphericalBessel 10, (dnm) /wl] -

o wl SphericalBesseld (10, (dn2r) /wl] SphericalBesseld (10, (dnmr) /wi] - dn2 nrd x SphericalBesseld 10, (dnm) /wl]
SphericalBesseld (11, (dn27m) /wl] -d n2? nmr ) 110, @n2m) /W) (11, (dnm) /w1 /
(dn2nnf x (- SphericalBessel (9, (dn27) /wl] + SphericalBesseld [11, (dn2.r) /wi]) SphericalHankelH1 [10, (dnmr) /wl] +

‘SphericalBessel) (10, (dn2) /wl] (dn2? nm SphericalHankelH1 (9, (dnm) /wl] +
(n2” - nnf) wi SphericalHankelH1 (10, (dnmr) /wl| - d n2 nmr SphericalHankelH1 11, (dnmy) /wi 1))

23Re] (10, (dnmr) /wl] 3 (11, (dn2) /wl] -2 SphericalBesseld (10, (dn2x) /wi]
SphericalBesseld [11, (dnmr) /wl] +n2 SphericalBesseld [11, (dnm) /wl] SphericalBesseld [12, (dn2) /wl] -
(11, dn27) /1wl (12, (dnm) i)/
(2 (-SphericalBesseld (10, (dn2) /wl] + SphericalBesseld (12, (dn2) /wl]) SphericalHankelHL [11, (dnmr) /wl] +
[11, (dn27) /wl) (Spt [10, (dnmr) /wl) - SphericalHankelH1 (12, (dnm) /wl])) +

(dn2? nmy SphericalBesseld (10, (dnmvr) /wl] SphericalBesseld (11, (dn2) /wi] - dn2 nrf 1 SphericalBesseld (10, (dn27r) /wl
SphericalBessel) [11, (dnmy) /wl] + n2wl SphericalBesseld [11, (dn2s) /wl] SphericalBesseld (11, (dnmr) /wi] -

o wl SphericalBessel) (11, (dn2r) /wl] SphericalBesseld (11, (dnmr) /wi] - dn2nnd x SphericalBesseld 11, (dnm) /wl]
SphericalBesseld (12, (dn2) /wl | ~d n2* nnvi SphericalBessel) (11, (dn2 ) /wi | SphericalBessel) (12, (dnmi) /wi |
(dn2nr (- SphericalBesseld (10, (dn2) /w] + ) (12, (dnzn) wll) (11, (dnm) Wi -

SphericalBesseld (11, (dn2) /wl] (dn2” nmy SphericalbankelH1 (10, (d nmvr) /wi] +
(n2 - nnf) wi SphericalHankelH1 (11, (dnmy) /wi] - d n2* nmr SphericalHankelH1 (12, (dnmv) /wl] )}

25Re (11, (dnmn) /] 3 (12, (dn27) /wl] -n2 SphericalBesseld (11, (dn2n) /wl]
SphericalBesseld (12, (dnmr) /wl] +n2 SphericalBesseld 12, (dnmvr) /wi] SphericalBesseld (13, (dn2 ) /wi] -
(12, (dn27) /w1 (13, (dnm) /1) /
(n2 (- SphericalBesseld (11, (dn2 ) /wi] + SphericalBesseld (13, (dn2r) /wl]) SphericalHankelH1 [12, (dnmur) /wl] +
(12, (dn2) /w1 (Spt [11, (dnmr) /Wi - SphericalHankelH1 [13, (dnmr) /wi1)) +

(dn2® v SphericalBesseld (11, (dnmy) /wi] SphericalBesseld 12, (dn2) /wl] - dn2 nnf 1 SphericalBesseld (11, (dn2 ) /wi
SphericalBesseld (12, (dnmr) /wl] +n2wl SphericalBessel) [12, (dn2yr) /wl] SphericalBesseld (12, (dnmr) /wl] -
nnf wl SphericalBesseld (12, (dn2yr) /wl] SphericalBesseld 12, (dnm) /wl] - dn2 nnf 7 SphericalBesseld  [12, (dnmvr) /wl]
SphericalBesseld (13, (dn21) /wl | -d n2 nmr D (12, (dn2n) /il (13, (dnmn) /wl])

(dn2 i ) (L dn2n W] s ) (18, (@2 /W) (12, (dnmn) /wl) +
SphericalBesseld (12, (dn2sr) /wl] (dn2* nmvr SphericalHankelH1 (11, (dnmy) /wi] +

(n2” - nnf) wi SphericalHankelH1 (12, (dnmr) /wl| - d n2 nmr SphericalHankelH1 (13, (dnmy) /wi 1)) ] +

27Re| (12, (dnmr) /1wl 3 (13, (dn2) /wl] -2 SphericalBesseld (12, (dn2x) /]
SphericalBesseld (13, (dnmr) /wl| +n2 SphericalBesseld (13, (dnm) /wl] SphericalBesseld (14, (dn2r) /wl] -
(13, (dn2r) /wl] (14, (dnmr) /w1 /
(n2 (-SphericalBesseld (12, (dn2) /wl] + SphericalBesseld (14, (dn2) /wi]) SphericalHankelH1 [13, (dnmr) /wl] +
113, (dn27) /wl] (Spt (12, (dnmr) /Wi - SphericalHankelH1 (14, (dnm) /w1 ) +

(dn2? nm SphericalBesseld (12, (dnmy) /wi ] SphericalBesseld (13, (dn2) /wl] - dn2 nnf x SphericalBesseld (12, (dn2 ) /wl
SphericalBesseld (13, (dnmr) /wl] + n2”wl SphericalBesseld (13, (dn2y1) /wl] SphericalBesseld (13, (dnm) /wl -

o wl SphericalBessel) (13, (dn2r) /wl] SphericalBesseld (13, (dnmr) /wi] - dn2 i« SphericalBesseld 13, (dnmr) /wl]
SphericalBessel) (14, (dn2.1) /wil] - dn2* J (18, (dn2s) /W) (14, (dnm) /wi])
(an2nnd 7 ( 3 (12, (dn2m) /] - J 14, @n2m) /W) (13, (dnm) /wl

SphericalBessel (13, (dn2) /wl] (dn2” nmy SphericalbankelH1 (12, (d el /wi] +
(n2” - ) wi SphericalbankelH1 (13, (dnm) /wl| - d n2* nmy SphericalHankelH1 (14, (dnmy) /wi1)) ] +

29Re| (13, (dnm) /wl) 3 (14, (dn2 ) /wl] - n2 SphericalBesseld (13, (dn2.x) /]
SphericalBesseld (14, (dnmr) /wl| +n2 SphericalBesseld (14, (dnm) /wl] SphericalBesseld (15, (dn2rm) /wl] -
(14, (dn2) /Wl (15, (dnm) /wl]) /
(n2 (- SphericalBesseld (13, (dn2 ) /wi] + SphericalBesseld (15, (dn21) /wl]) SphericalHankelH1 [14, (dnmr) /wl] +
(14, (dn27) /wl] (Spt (13, (dnm) /wl) - SphericalHankelH1 (15, (dnm) /wil)) +

(dn2* nm SphericalBesseld (13, (dnm) /i) SphericalBesseld 14, (dn2r) /wl] - dn i x SphericalBessel) (13, (dn2 ) /wl
enhericalRecenll (14 dnme: ud 1« 022wl SnhericalRaceall (14 A n? 1 /w1 SrhericalRecenll (14 domet cwl1 -
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» Cdaldion ofthe scalteringeflidency

wp-p= Q5Ca= (2/¥2"°2) Sum[ (2m +1) (anConjugate an] +bnConjugate (bn];, (m, 1, nmax}]
(:2 wl? ! i ‘»" [d? nm? 7%}

show less show more show all set size limit...

= Cdaldlion oftheabaorption effidency
wr-+— Qabs = Qext - Qsca

i2wl® | A R I L i/ (d nm? A%
arge output show less show more show all setsize limit...
= Cdadalion ofthe extinction aosssedtian
wpoi= Sext - Qext+Pide2/4

= Cdadalion ofthe scatteringcross sectian

wip= 55Ca = QscaPid~2/4
fwl? { P 2om? gt
argecutpit | showless | showmore | showall | setsizelimit..

= Cdadation of theabsorption crosssection
wi-t- Sabs = QabsPid~2/4

2wl? | VA idramt 22y 2wl HIERCHL

arge output show less show more show all setsize limit...
wy: = Msilicadd] - mesilicaw, d]
e Mxsilica 1.88496516° ‘wl, d]
= Numerical eamples
= Refractiveindex of thesurmraunding medium (water)
- T = MH20F [be]

a2, 2008 -3 oo 6a6 wl®

itput: scalar

g Inter'pnlatingFunctiun[

= Refractive index of the nencpartide (Gdd)
- M2 = MW, d]
y
—— ‘1.8770%1332’; {3.55306 18" /wl® - /0. + 6.28319.167 ¢} /wl! -
‘.‘.‘; .
1.87763 - 167 {3.55306 18" /w1’ + (8. +6.28319 <167 || /wl+ (8. +2.63894 18" i] / idwl; | +

vaine (0188, 1343
tput: scalar

Dormain: {0188, 184y
tput: scalar

1 InmterpolatingFunction | 16080068 wl + InterpolatingFunction

| 1068 660 w1

wpop— @ = 531809

= 17 240 080 080

wi-p- Plot[ {Qabs}, {ul, 308 .18~-9, 998 - 16~ -91, PlotRange - All, AxesLabel - [“Wavelengiit™, “(abs™}]

ks
EED

EL
25
2%
15
14

[LED

AT ST GaW T T gcm e’

wy-3~ FindMaximsm[Re[Qabs], {wl, @.6:18"-6), AccuracyGoal - 1@, PrecisionGoal - 8, Method -> "Principalfds”)

ot {3.42902, {wl > 5.2930718 7} |

wpop- Clear[a, d, n1, n2, nm, dl, dlayer]



= MeTheory for Nanoshells
Clear [d, R em wl, el, e2, Rl R2 nl, n2, nni
ml=nl/nm

nl/nm

m2=n2/nm

n2/nm

x1:=2Pi Rlnm/wl

X2 :=2Pi R2nm/ wl

fl [n_, x_] := x SphericalBesseld [n, x]
f2 [n_, x_1 := x SphericalBesselY [n, x]

f3 [n_, x_] : = x SphericalHankelH1 [n, x]

y1l:= mixl
y22 .= m2x2
y12 : = m1x2
y21 : = m2x1

An= (m2(fl [n, x] /. x>y21) (D[fl [n, x], x] /. x> yll) -m1(D[fl [n, x1, x] /. x»y21) (fl [n, x] /. x> yll))/
(m2(f2 [n, x] /. x> y21) (D[fl [n, x], x] /. X = yll) -m1(D[f2 [n, x], x] /. x=>y21) (f1 [n, x] /. x » yll))
((2n2% 7 R1SphericalBesseld  [n, (2n27R1) /wl]
(SphericalBesseld [n, (2n17R1) /wl] + (2n17R1 (- ((wl SphericalBesseld [n, (2n17R1) /wl])/ (4n17R1)) +
(1/2) (SphericalBesseld [-1+n, (2n17R1) /wl] - SphericalBesseld [1+n, (2n1xRY /wl]))) /wl) ) / (nmwl) -
(2 n1? 7 R1SphericalBesseld [n, (2nl17R1) /wl] (SphericalBesseld [n, (2n27R1) /wl] + (2n27R1 (- ((wl SphericalBesseld [n, (2n27xR1) /wl]) /
(4n27R1)) + (1/2) (SphericalBesseld [-1+n, (2n27R1) /wl] - SphericalBesseld [1+n, (2n271R1) /wl]))) /wl) ) / (nmwl) ) /
((2 n22nR1(SphericaIBesseIJ [n, (2n17RY /wl] + (2nl7R1 (- ((wl SphericalBesseld [n, (2n17R1) /wl])/ (4n1xR1)) +
(1/2) (SphericalBesseld [-1+n, (2nl1l,nR1) /wl] - SphericalBesseld [1+n, (2n17R1) /wl]))) /wl)
SphericalBesselY [n, (2n2xR1) /wl])/ (nmwl) - (2 n1% 7 R1SphericalBesseld [n, (2nl7R1) /wl]
(SphericalBesselY [n, (2n271R1) /wl] + (2n27R1 (- ( (wl SphericalBesselY [n, (2n2xR1) /wl]) / (4n27R1)) +
(1/2) (SphericalBesselY [-1+n, (2n27R1) /wl] - SphericalBesselY [1+n, (2n27R1) /wli]))) /wl)) / (nmwl) )

Simplify  [%]
(2 n12n2 R1SphericalBesseld [-1+n, (2n27R1) /wl] SphericalBesseld [n, (2nl7R1) /wl] -
2n1n2? r R1SphericalBesseld [-1+n, (2nlnR1) /wl] SphericalBesseld [n, (2n27R1) /wl] +
n12 wi SphericalBesseld [n, (2nl7R1) /wl] SphericalBesseld [n, (2n27R1) /wl] -
n22wl SphericalBesseld [n, (2n1sR1) /wl] SphericalBesseld [n, (2n2xR1) /wl] +2n1n2? 7 R1SphericalBesseld [n, (2n27R1) /wl]
SphericalBesseld [1+n, (2n17R1) /wl] -2 n12n2 R1SphericalBesseld [n, (2nlsR1) /wl] SphericalBesseld [1+n, (2n271R1) /wl] ) /
(2 n1n22 1 R1 (-SphericalBesseld [-1+n, (2nl17R1) /wl] + SphericalBesseld [1+n, (2n1xR1) /wl]) SphericalBesselY [n, (2n2,sR1) /wl] +
SphericalBesseld [n, (2nl1xR1) /wl] (2 n1%2n2 R1SphericalBesselY [-1+n, (2n27RY) /wl] +
(n1% - n2?) wi SphericalBesselY [n, (2n27R1) /wl] - 2n1®n2r R1SphericalBesselY [1+n, (2n27R1) /wi]))

An=%
(2 n12n2 R1SphericalBesseld [-1+n, (2n27R1) /wl] SphericalBesseld [n, (2nl17R1) /wl] -
2n1n2? x R1SphericalBesseld [-1+n, (2nlnR1) /wl] SphericalBesseld [n, (2n27R1) /wl] +
n1%wl SphericalBesseld [n, (2n17R1) /wl] SphericalBesseld [n, (2n27R1) /wl] -
n22wl SphericalBesseld [n, (2n1sR1) /wl] SphericalBesseld [n, (2n2xR1) /wl] +2n1n2? 7 R1SphericalBesseld [n, (2n2sR1) /wl]
SphericalBesseld [1+n, (2n17R1) /wl] -2 n12n2 R1SphericalBesseld [n, (2nl,sR1) /wl] SphericalBesseld [1+n, (2n271R1) /wl] ) /
(2 nln2?7R1 (-SphericalBesseld [-1+n, (2nl7R1) /wl] + SphericalBesseld [1+n, (2n17R1) /wl]) SphericalBesselY [n, (2n27R1) /wl] +
SphericalBesseld [n, (2nl17R1) /wl] (2 n12n2 R1SphericalBesselY [-1+n, (2n27RY) /wl] +
(n1% - n2?) wl SphericalBesselY [n, (2n27R1) /wl] - 2n1®n2x R1SphericalBesselY [1+n, (2n27R1) /wi]))

Bn= (m2(fl [n, x] /. x> yl11l) (D[fl [n, x], x] /. x> y21) -m1(D[fl [n, x], x] /. x->yll) (f1 [n, x] /. x> y21)) /
(m2(D[f2 [n, x1, x] /. x>y21) (f1 [n, x] /. x> yll) -=m1(f2 [n, x] /. x » y21) (D[fl [n, x], x] /. x> yll))

(- ((2nl n2tR1SphericalBesseld [n, (2n27R1) /wl]
(SphericalBesseld [n, (2n1xR1) /wl] + (2nl7R1 (- ((wl SphericalBesseld [n, (2nl1xR1) /wl])/ (4nlxR1)) + (1/2)

(SphericalBesseld [-1+n, (2nlsR1) /wl] - SphericalBesseld [1+n, (2nlxaR1) /wl]))) /wl)) / (nmwl)) +

(2nl1n2 s R1SphericalBesseld [n, (2nl1,R1) /wl] (SphericalBesseld [n, (2n27R1) /wl] + (2n2 7 R1 (- ( (wl SphericalBesseld [n, (2n2xR1) /wl]) /
(4n27RY)) + (1/2) (SphericalBesseld [-1+n, (2n271R1) /wl] - SphericalBesseld [1+n, (2n27RY) /wl]))) /wl)) / (nmwl)) /

(- ((2nln27tR1 (SphericalBesseld [n, (2n17R1) /wl] + (2nl7R1 (- ((wl SphericalBesselJ [n, (2nlx7R1) /wl])/ (4nlnR1)) + (1/2) (SphericalBessell
-1+n, (2nl7R1) /wl] - SphericalBesseld [1+n, (2n17R1) /wl]))) /wl) SphericalBesselY [n, (2n271R1) /wl]) / (nmwl)) +

(2nl1n2 s R1SphericalBesseld [n, (2nl1sR1) /wl] (SphericalBesselY [n, (2n27R1) /wl] + (2n2 7 R1 (- ((wl SphericalBesselY [n, (2n2xR1) /wl]) /

(4n27RY)) + (1/2) (SphericalBesselY [-1+n, (2n27R1) /wl] - SphericalBesselY [1+n, (2n27RY) /wl]))) /wl)) / (nmwl))
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Simplify [%]
(n2 SphericalBesseld [-1+n, (2n27R1) /wl] SphericalBesseld [n, (2n17R1) /wl] -
nl SphericalBesseld [-1+n, (2nlyR1) /wl] SphericalBesseld [n, (2n27tR1) /wl] +nl SphericalBesseld [n, (2n271R1) /wl]
SphericalBesseld [1+n, (2n17R1) /wl] - n2SphericalBesseld [n, (2nl7R1) /wl] SphericalBesseld [1+n, (2n27R1) /wl]) /
(n1 (-SphericalBesseld [-1+n, (2nl17R1) /wl] + SphericalBesseld [1+n, (2nlyR1) /wl]) SphericalBesselY [n, (2n27R1) /wl] +
n2 SphericalBesseld [n, (2n17R1) /wl] (SphericalBesselY [-1+n, (2n27R1) /wl] - SphericalBesselY [1+n, (2n27R1) /wl]))

Bn=%

(n2 SphericalBesseld [-1+n, (2n27R1) /wl] SphericalBesseld [n, (2n17R1) /wl] -
nl SphericalBesseld [-1+n, (2nlsR1) /wl] SphericalBesseld [n, (2n2,tR1) /wl] +nl SphericalBesseld [n, (2n27R1) /wl]
SphericalBesseld [1+n, (2nl17R1) /wl] - n2SphericalBesseld [n, (2nlsR1) /wl] SphericalBesseld [1+n, (2n27R1) /wl]) /
(nl (-SphericalBesseld [-1+n, (2n17R1) /wl] + SphericalBesseld [1+n, (2nl17R1) /wl]) SphericalBesselY [n, (2n27R1) /wl] +
n2 SphericalBesseld [n, (2nl1x7R1) /wl] (SphericalBesselY [-1+n, (2n27R1) /wl] - SphericalBesselY [1+n, (2n27R1) /wl]))

anl =
((f1 [n, x] /. x»x2) ((D[f1 [n, x], X] /. x>»Yy22) - An(D[f2 [n, x], x] /. X »y22)) -
m2(DI[fl [n, x], X1 /. x> x2) ((f1 [n, X] /. x> y22) -An(f2 [n, X] /. X »>Yy22))) /
((f3 [n, x] /. x»x2) ((D[fl [n, x], x] /. X »y22) - An(D[f2 [n, x], x] /. x> y22)) -
m2(D[f3 [n, x], x] /. x> x2) ((f1 [n, x] /. X »>y22) -An (f2 [n, x] /. X > y22)))
(= ((n2 (SphericalBesseld [n, (2nmxR2) /wl] + (2nmrR2 (- ((wl SphericalBesseld [n, (2nmrR2) /wl]) / (4nmrR2)) + (1/2)
(SphericalBesseld [-1+n, (2nmrR2) /wl] - SphericalBesseld [1+n, (2nmtR2) /wl]))) /wl)
((2n2 1 R2SphericalBessel)  [n, (2n2,5R2) /wl]) /wl - (2n21R2 (2 n1%n2 7 R1SphericalBesseld [-1+n, (2n2sR1) /wl]
SphericalBesselJ [n, (2nlyR1) /wl] -2nl n2? 1 R1SphericalBesseld [-1+n, (2nlsR1) /wl] SphericalBesseld [n, (2n27R1 /wl] + n1?
wl SphericalBesseld [n, (2nl7R1) /wl] SphericalBesseld [n, (2n27R1) /wl] - n22wl SphericalBesseld [n, (2nl17R1) /wl]
SphericalBesselJ [n, (2n27R1) /wl] +2nl n2% R1SphericalBesseld [n, (2n2tR1) /wl] SphericalBesseld [1+n, (2n1nR1) /wl] -2
n1%n2 7 R1SphericalBesseld [n, (2n1xR1) /wl] SphericalBesseld [1+n, (2n27R1) /wl] ) SphericalBesselY [n, (2n27R2) /wl])/
(WI (2 n1n2? 7 R1 (-SphericalBesseld [-1+n, (2nlyR1) /wl] + SphericalBesseld [1+n, (2nl1sR1) /wl]) SphericalBesselY [
n, (2n271R1) /wl] + SphericalBesseld [n, (2n17R1) /wl] (2 n1? n2 R1SphericalBesselY [-1+n, (2n27R1) /wl] +
(n1% - n2?) wi SphericalBesselY [n, (2n27R1) /wl] -2n1°n2 7 R1SphericalBesselY [1+n, (2n27RY) /wl]))))) /nm +
(2 nmrt R2SphericalBesseld  [n, (2nmrtR2) /wl] (SphericaIBesseIJ [n, (2n271R2) /wl] + (2n271R2 (- ( (wl SphericalBesseld [n, (2n271R2) /wl]) /
(4n27tR2)) + (1/2) (SphericalBesseld [-1+n, (2n27R2) /wl] - SphericalBesseld [1+n, (2n27R2) /wl]))) /wl -
( (2 n12n2x R1SphericalBesseld [-1+n, (2n2,51R1) /wl] SphericalBesseld [n, (2n17R1) /wl] -2nl n22 R1SphericalBesseld [-1+n,
(2n17R1) /wl] SphericalBesseld [n, (2n27R1) /wl] + n1? wi SphericalBesseld [n, (2n17R1) /wl] SphericalBesseld [n, (2n27R1) /wl] -
n2%wl SphericalBesseld [n, (2nl5R1) /wl] SphericalBesseld [n, (2n2sR1) /wl] +2nl n2% n R1SphericalBesseld [n, (2n2,R1) /wl]
SphericalBesseld [1+n, (2n17RY) /wl] -2 n1%n2 R1SphericalBesseld [n, (2nl1sR1) /wl] SphericalBesselJ [1+n, (2n27R1) /wl] )
(SphericalBesselY [n, (2n271R2) /wl] + (2n2 7t R2 (- ((wl SphericalBesselY [n, (2n271R2) /wl])/ (4n27R2)) +
(1/2) (SphericalBesselY [-1+n, (2n27R2 /wl] - SphericalBesselY [1+n, (2n27R2) /wl]))) /wl) ) /
(2 nin2? 7 R1 (-SphericalBesseld [-1+n, (2nl7R1) /wl] + SphericalBesseld [1+n, (2nlsR1) /wl]) SphericalBesselY [n, (2n27R1) /wl] +
SphericalBesseld [n, (2nl7R1) /wl] (2 n1% n2 7 R1SphericalBesselY [-1+n, (2n27R1) /wl] +
(n1? - n2?) wi SphericalBesselY [n, (2n27R1) /wl] - 2n1®n2 7 R1SphericalBesselY [1+n, (2n27RY /wl]))))/wl)/
( (2 nmt R2 (SphericaIBesseIJ [n, (2n271R2) /wl] + (2n271R2 (- ( (wl SphericalBesseld [n, (2n251R2) /wl]) / (4n271R2)) +
(1/2) (SphericalBesseld [-1+n, (2n27R2) /wl] - SphericalBesseld [1+n, (2n27R2 /wl]))) /wl -
( (2 n1?n2 R1SphericalBesseld [-1+n, (2n27R1) /wl] SphericalBesseld [n, (2n17R1) /wl] -2nl n2? R1SphericalBesseld [-1+n,
(2n17R1) /wl] SphericalBesseld [n, (2n2xR1) /wl] +n1®wl SphericalBesseld [n, (2nlxR1) /wl] SphericalBesseld [n, (2n2sR1) /wl] -
n2? wl SphericalBesseld [n, (2nlxR1) /wl] SphericalBesseld [n, (2n2sR1) /wl] +2n1n2?,R1SphericalBesseld [n, (2n27R1) /wl]
SphericalBesselJ [1+n, (2nlnR1) /wl] -2 n12n2 s R1SphericalBesseld [n, (2nlmR1) /wl] SphericalBesseld [1+n, (2n27R1) /wl] )
(SphericalBesselY [n, (2n271R2) /wl] + (2n2 7 R2 (- ((wl SphericalBesselY [n, (2n271R2) /wl]) / (4n27R2)) +
(1/2) (SphericalBesselY [-1+n, (2n27R2 /wl] - SphericalBesselY [1+n, (2n27R2) /wl]))) /wl) ) /
(2 n1n2?7R1 (- SphericalBesseld [-1+n, (2nl17R1) /wl] + SphericalBesseldJ [1+n, (2nlx7R1) /wl]) SphericalBesselY [n, (2n27R1) /wl] +
SphericalBesseld [n, (2n17R1) /wl] (2 n12n2 R1SphericalBesselY [-1+n, (2n27R1) /wl] +
(n1? - n2?) wl SphericalBesselY [n, (2n27R1) /wl] - 2n1°n2 7 R1SphericalBesselY [1+n, (2n27R1) /wl])))
SphericalHankelH1 [n, (2nmrR2) /wl]) /wl - (n2 ((2n2 7 R2SphericalBesseld [n, (2n27R2) /wl]) /wl -
(2n27R2(2 n1%n2 5 R1SphericalBesseld [-1+n, (2n27R1) /wl] SphericalBesseld [n, (2n1xR1) /wl] -
2n1n2?n R1SphericalBesseld [-1+n, (2nl1sR1 /wl] SphericalBesseld [n, (2n27R1) /wl] +
n1%wl SphericalBesseld [n, (2nlsR1) /wl] SphericalBesseld [n, (2n27R1) /wl] - n22wl SphericalBesseld [n, (2nl1xR1) /wl]
SphericalBesseld [n, (2n271R1) /wl] +2nl n2? R1SphericalBesseld [n, (2n2R1) /wl] SphericalBesseld [1+n, (2n17R1) /wl] -
2n12n2 R1SphericalBesseld [n, (2nl1sR1) /wl] SphericalBesseld [1+n, (2n27R1) /wl] ) SphericalBesselY [n, (2n271R2) /wl] ) /
(WI (2 n1n2? nR1 (-SphericalBesseld [-1+n, (2nlnR1) /wl] + SphericalBesseld [1+n, (2n17R1) /wl]) SphericalBesselY [n, (2n27R1) /wl] +
SphericalBesseld [n, (2nl17R1) /wl] (2 n12n2x R1SphericalBesselY [-1+n, (2n27R1) /wl] +
(n1% - n2%) wi SphericalBesselY [n, (2n27R1) /wl] -2n1® n2r R1SphericalBesselY [1+n, (2n27R1) /wli]))))
(SphericalHankelH1 [n, (2nmnR2) /wl] + (2nmrR2 (- ( (wl SphericalHankelH1 [n, (2nmrR2) /wl]) / (AnmtR2)) +
(1/2) (SphericalHankelH1 [-1+n, (2nmrtR2) /wl] - SphericalHankelH1 [1+n, (2nmrR2 /wl]))) /wl) ) /nnj
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Simplify  [%]
anl=%

bnl =
(m2(fl [n, x] /. x> x2) ((DIfl [n, x], x] /. Xx>y22) -Bn(D[f2 [n, x], x] /. X > y22)) -
(DIfL [n, x], x] /. x> x2) ((f1 [n, X] /. Xx»>y22) -=Bn (f2 [n, X] /. x>Yy22))) /
(m2(f3 [n, x] /. x> x2) ((D[f1 [n, x], x] /. x>y22) -Bn(D[f2 [n, x], x] /. X »Yy22)) -
(DIf3 [N, x], x] /. x> x2) ((f1 [n, x] /. x>y22) -Bn (f2 [n, X] /. x> Yy22)))

(- (SphericalBesseld  [n, (2nmtR2) /wl] + (2 nmtR2 (- ( (wl SphericalBesseld [n, (2nmrtR2) /wl]) / (4nmrR2)) +
(1/2) (SphericalBesseld [-1+n, (2nmrtR2) /wl] - SphericalBesseld [1+n, (2nmtR2) /wl]))) /wl)

((2n2 7t R2SphericalBesseld [n, (2n27R2) /wl]) /wl - (2n2 7 R2(n2 SphericalBesseld [-1+n, (2n27R1) /wl] SphericalBesseldJ [n, (2n17R1) /wl] -

nl SphericalBesseld [-1+n, (2nlsR1) /wl] SphericalBesseld [n, (2n2,xR1) /wl] +

nl SphericalBesseld [n, (2n27R1) /wl] SphericalBesseld [1+n, (2nl7R1) /wl] -

n2 SphericalBesseld [n, (2nl1sR1) /wl] SphericalBesseld [1+n, (2n27R1) /wl]) SphericalBesselY [n, (2n27R2) /wl]) /

(wl (n1 (-SphericalBesseld [-1+n, (2nl7RY1 /wl] + SphericalBesselJ [1+n, (2nl17xR1 /wl]) SphericalBesselY [n, (2n27xR1) /wl] +

n2 SphericalBesseld [n, (2n1sR1) /wl] (SphericalBesselY [-1+n, (2n251R1) /wl] - SphericalBesselY [1+n, (2n27RL) /wl])))) +

(2n2 1 R2SphericalBesseld  [n, (2nmrtR2 /wl] (SphericalBesseld [n, (2n27R2) /wl] + (2n27R2 (- ( (wl SphericalBesseld [n, (2n27R2) /wl]) /
(4n27R2)) + (1/2) (SphericalBessell [-1+n, (2n271R2 /wl] - SphericalBessell [1+n, (2n27R2) /wl]))) /wl -
((n2 SphericalBesseld [-1+n, (2n27R1) /wl] SphericalBesseldJ [n, (2nl7R1) /wl] - nlSphericalBesselJ [-1+n, (2nl17xR1) /wl]
SphericalBesseld [n, (2n2,7R1) /wl] +nl SphericalBesseld [n, (2n2,mR1) /wl] SphericalBesseld [1+n, (2n1xR1) /wl] -
n2 SphericalBesseld [n, (2nlsR1) /wl] SphericalBesseld [1+n, (2n27R1) /wl])
(SphericalBesselY [n, (2n271R2) /wl] + (2n2 7 R2 (- ( (wl SphericalBesselY [n, (2n2sR2) /wl]) / (4n27R2)) +
(1/2) (SphericalBesselY [-1+n, (2n27R2 /wl] - SphericalBesselY [1+n, (2n27R2 /wl])))/wl))/
(n1 (-SphericalBesseld [-1+n, (2nl7R1) /wl] + SphericalBesselJ [1+n, (2n17R1) /wl]) SphericalBesselY [n, (2n27R1) /wl] +

n2 SphericalBesseld [n, (2n17R1) /wl] (SphericalBesselY [-1+n, (2n271R1) /wl] - SphericalBesselY [1+n, (2n27RL) /wl])))) /wl) /

((2n27R2 (SphericalBesseld [n, (2n27R2) /wl] + (2n271R2 (- ( (wl SphericalBesseld [n, (2n27R2) /wl]) / (4n27R2)) +
(1/2) (SphericalBesseld [-1+n, (2n27R2) /wl] - SphericalBesseld [1+n, (2n27R2) /wl]))) /wl -
((n2 SphericalBesseld [-1+n, (2n2,7R1) /wl] SphericalBesseld [n, (2nl1sR1) /wl] - nl1SphericalBesselJ [-1+n, (2nl1xR1) /wl]
SphericalBesseld [n, (2n2,7R1) /wl] +nl SphericalBesseld [n, (2n27R1) /wl] SphericalBesseld [1+n, (2n17R1) /wl] -
n2 SphericalBesseld [n, (2nlsR1) /wl] SphericalBesseldJ [1+n, (2n27R1) /wl])
(SphericalBesselY [n, (2n27R2) /wl] + (2n2 7 R2 (- ((wl SphericalBesselY [n, (2n27R2) /wl])/ (4n27R2)) +
(1/2) (SphericalBesselY [-1+n, (2n2mR2 /wl] - SphericalBesselY [1+n, (2n27R2 /wl]))) /wl))/
(nl (-SphericalBesseld [-1+n, (2n17R1) /wl] + SphericalBesseld [1+n, (2n17R1) /wl]) SphericalBesselY [n, (2n27R1) /wl] +
n2 SphericalBesseld [n, (2n1sR1) /wl] (SphericalBesselY [-1+n, (2n2xR1) /wl] - SphericalBesselY [1+n, (2n271RL) /wl])))
SphericalHankelH1 [n, (2nmrR2) /wl]) /wl - ((2n2 R2SphericalBesseld [n, (2n271R2) /wl]) /wl -
(2n271R2 (n2 SphericalBesseld [-1+n, (2n27R1) /wl] SphericalBesseld [n, (2n17R1) /wl] - nlSphericalBesseld [-1+n, (2n17R1) /wl]
SphericalBesseld [n, (2n27R1) /wl] + nl SphericalBesseld [n, (2n27R1) /wl] SphericalBesseld [1+n, (2n17R1) /wl] -
n2 SphericalBesseld [n, (2nlsR1) /wl] SphericalBesseld [1+n, (2n2,1R1) /wl]) SphericalBesselY [n, (2n2,7R2) /wl]) /
(wl (n1 (-SphericalBesseld [-1+n, (2nl17RY /wl] + SphericalBesseld [1+n, (2nl1sR1) /wl]) SphericalBesselY [n, (2n27R1) /wl] +
n2 SphericalBesseld [n, (2n17R1) /wl] (SphericalBesselY [-1+n, (2n27R1) /wl] - SphericalBesselY [1+n, (2n27RY /wl]))))
(SphericalHankelH1 [n, (2nmmtR2) /wl] + (2nmr R2 (- ( (wl SphericalHankelH1 [n, (2nmrR2) /wl]) / (AnmtR2)) +
(1/2) (SphericalHankelH1 [-1+n, (2nmrtR2 /wl] - SphericalHankelH1 [1+n, (2nmaR2) /wli]))) /wl))

Simplify  [%]

bnl =%

= Galaulation of the maodification of the refractive indicesdueto the small size of the nanopartides (the numerical values of the parameters correspond togold

nanoshells)
ex[w, L ]1:=ebulk +wp*2/ (W2+1 wvf /Linf ) —wpr2/ (Wr2+1 wvf /Linf + Al wvf /L)
nx[w_, L_]:=Sart [ebulk +wp*2/ (W*2+1 wvf /Linf ) —wp*2/ (W2 +1 wvf /Linf + Al wvf /L)]
nxsilver [w_, L_] := Sqrt [ebulksilver +wpst2/ (W*2+1 wvfs /Linfs ) —wps*2/ (w2 +1 wvfs /Linfs + Al wvfs /L)1
nxtitanium [w_, L_] := Sqgrt [ebulktitanium +wpt~2/ (Wr2+ 1 wvft /Linft ) -wpt"2/ (Wh2+1 wvft /Linft + Al wvft /7L)]
h = 6.626 » 10"-34
6.626 x 107
hbar =h/2/Pi
1.05456 x 10
wp=9.03 % 1.6 *10"-19/ hbar
1.37005 x 10'
vf = 1.4 210"6
1.4 x10°
vfs =1.39 1076
1.39 x10°
vit =1.10"6
1000000

wpt = 7.29 % 1.6 %107 -19 / hbar
1.10605 x 10

wps= 9.01 % 1.6 *10"-19/ hbar
1.36701 x 10
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sl b

ol F

dnf

il

g

il

- b

ol F

sl - b

il -

s

Al < F

o

i <

sl b

il -

L

il

Linft = 33::10*-9
33 /1000000 080

Linfs = 52,9 18*-9
5.2x18°°

Linf = 42.0 -16~-9
4.210 8

A-1
1

c=3,.18"8

3. x10*

w=2Pic/wl

1.88496 . 16° /Wl

wx = wl /18° -6
10608 800 w1

ebulk = (nAuf [wx] + I kiuf [wx])*2

omain 40,188, 1.94}}
ut: scalar

‘ i InterpolatingFunction ’ |1080800w] | - Inter-polatingFunction[

ebulksilver = (nAgf [wx] + T KAgF [wx]) A2

{0188, 1947
# scalar

‘InterpolatingFunction [1088888 w1 ] | i InterpolatingFunction

ebulktitanivm = (nTif [wx] + TkTif [wx])*2

{0188, 194} |
i scalar

InterpalatingFunction J (1080900 w1 | . | Inter-pulatingFunction[

= RadiusoftheNP(d isthethicknessof theshdl)
R2-R1.+dl
dl - k1

d=-2:R2
2 :dl RI:

nsilica = nSi02F [mx)]

omain: {021, 673}

InterpolatingFunction 1000000 wl -

nsilverAdj - nxsilver [w, R1)
b

|

! |1-86873: 187 7 (355306 10" /wl® (0.

ol
Y

5.93863 <1072 1) /wl|

1.86873 187 / [3.55306 10" /wl*

410,188, 194}
- scalar

InterpolatingFunction

nititaniveAdj = nxtitaniomw, k1]
1

i
! 1.22335 10 / [3.55386 x 18" / wl®

Wl
W
o

0. 571199187 1) /wl)

1.22335 187 / [3.55306 <10 /w1’ - (8. +5.71199:107 1) /wl + 8. - 1.8849 x18" 1} / [R1wl;

‘ ~ 40188, 1.94}} 1
t:sealar

InterpolatingFunction

ntitania = nTi02F [wx]

ain: {043, 1,533 1
it scalar

InterpolatingFunction "1000 000 wl |

[1880080wl" - i InterpolatingFunction

] [1880080wl" - i InterpolatingFunction

{8.15.03863 10771} /Wl (0. | 2.62009x10" i’ / R1wl}}

)

. "2
08B ]| 1000 098 wl ‘

ut: scalar

. W2
1139 | 14 000008 w1

it: scalar

n: {.188, 194 |
#: scalar

(1008 080 w1 -

ain: 410,188, 194
i: scalar

V2
[1 080 008 wl| ‘ ‘

W2

{0188, 1.94)) ] (1080000 wl- ‘

it: scalar
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sl b

il

ntitanium = nTif[wx] + L kTif [wx]

#0188, 1943
scalar

InterpolatingFunction } (1000808 wl_ i InterpolatingFunction

{{025, 145} j
scalar

" 1080888 wL] + | InterpolatingFunction

nsilver = nAgf [wx] + I kAgf [wx ]

{0,188, 1943
scalar

IrrterpulatingFunction| (1080808 wl - i InterpolatingFunction

ngold = nx[w, dl]

1
i

I
! 187703 <10 / [3.55306 x 18" /wl® - (0. - 6.28319 167 1] /wl] -
\.‘I ]
1.87703 187 / [3.55306 « 10" /wl* - '
‘ n: {{0.188, 194} j
itz scalar

" InterpolatingFunction ’

= Madimum number oftemsin the series
nmax = 3@

30

= Cdculaion oftheedindion efficiency

Qext2 = (2/x272) Sum[(2m +1) Re[anl + bnl], (m, 1, nmax}]

[1.«4'12 { P/ (2om? 2 pdl o R 2

showless show more show all set size limit...

Cdculdion ofthescattering efficiency
Qsca2 = (2/x272) Sum[(2m +1) (aml Conjugate [amnl] + bnl Conjugate [bnl]), {m, 1, nmax}]

wl? | 13/ (2w 52 1dl + R1)%)

set size limit...

showless show more show all

» Cdculation ofthe absoption efficiency

Qabs2 = Qext2 - Qsca2

{wl* | ‘, ;2 nm? ;.2 \:d1+ L2 2
showless show more show all set size limit...
= Cdculation ofthe absorption crosssection
Sabs2 = Qubs2Pidr2 /4
o 2 w2 1702 i i ; i
showless show more show all set size limit...

Clear [a, d, d1, R1, R2, dlayer, wl, nl, n2, nm]

1880800wl | + InterpolatingFunction

§0.188, 1943
scalar

sin: {{025, 1453} i
: scalar

{{0.128, 1943

scalar

/8. +6.28319:107 [ | /Wl+ (8. +2.63894x10% i1 / dlwl} | +

40188, 1.94)) 1
it scalar

} 1000000 w1 |

(1000000 wl |

(1000800 wl |

.2
] 11080060 wl | ‘ ‘
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= Numericd examples
ot~ R1=40.10~-9

omy-+ 1/ 25000000

wot- dl = 6-10*_-9
our+ 3/ 500000000

» Riradtiveindex of the core (SCB)

w-t- ml = ngilica

" 02670 | 19 690000 w1-

scalar

ol IrrterpulatingFunction|

= Reradtiveindex of the shell (Gold)
wr-g= M2 = mgold

[y
o | |1.87703 107 / (3.55306 10" /wl® - (8. - 5.28319::107 i} /wl] - 1.87703 <107 / [3.55306 10" /wl® + (8. +5.02655 107 i} Wl +
" | ) I/l ) ;

=

: InterpolatingFunction ’

in: {{0.188, 194
uit: scalar

" ] 1000980w1 | | InterpalatingFunction

oo

scalar

. L2
1: {0188, 1543} ] 11880800 w1 | ‘ ‘

» Refradtiveindex of the surrounding medium (water)

wf-= mm = nH20F (W)

oag- InterpolatingFunction

ut: scalar

n:{{D2, 2000 ‘ 11000008 wl-

st Z1 = Plot [Qabs2, (xl, 30810 -9, 1160 :18~-9), PlotRange - All, AxesLabel - (“Wavelenght™, "Qabs™} ]

. , . ,
4 =17 3% ax10~7 1. 107°

wp-p- FindMacimm [Re [Qabs2], {wl, 0.8 16*-6}, AccuracyGoal - 168, PrecisionGoal - 8, Method - “Primcipalixis®]
o (5.27186, ‘Wl - 7.99954x18 7}

wrp- 22 = Plok [Qsca2, (wl, 308 -104-9, 1060 - 19~ _9), PlotRange > ALl, PlotStyle - Magenta]

A1 5o B T g oo’ 1w ®

wr- - FindMaximm[Re [Qsca2], {wl, @.8 18" -6}, AccuracyGoal - 1@, PrecisionGoal - 8, Method - > “Primcipalixis®]
ongp [2.0722, Wl - 7.98747x107) |
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wip- 73 = Plot [Qext2, {ul, 300 .16~_9, 1000 - 10~_9), PlotRange - All, PlotStyle - Red]

O J= 4-

T

41077 55107 6107 7107 &x10F 9x1w0 1.x108

-}~ FindMaximum[Re [Qext2], {wl, 6.8 - 16~ -6}, AccuracyGoal — 10, PrecisionGoal - &, Method -> "Principaliodis”™]
i |- {7,34366, {wl - 7,9961 187" ]

w 1= Plot[({Qabs2, Qsca2, Qext2), (wl, 360 -16~_-9, 1166 -16~-9}, PlotRange - All,
PlotLabels - {"Absorption Efficiency”, "Scattering Efficiency”, “Extinction Efficiency”™})

ar

ExtinctionEfici
AbsorptionEffic

- ScatteringEffici
451070 61077 B0 1.5107Y 1210

iy p- Plot3D[Qabs2, (wl, 4.104-7, 1.1 10~-6}, {dl, 2:10~-9, 12.18~-9}, PlotRange - All,
AxesLabel - {"Wawvelenght®, “dLayer®, “Abrosprion Efficiency™}]

O o

Wavalergit 1€

wy p- Clear[a, d, d1, R1, dlayer, wl, ni, n2, nm, ml, m2, z1, z2, z3, Qabs2]
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