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Jlrone M. [1. JluHamiuHi mpolecu y OaraTOpiBHEBUX ME30CKOMIYHUX
cucremax. — Kpanidikariiiina HaykoBa Ipalisi Ha IIpaBax PYyKOIIHCY.

Jluceprariiss Ha 3M00yTTS HAyKOBOTO CTYIEHS JOkTopa inocodii 3a
cremanbHicTIO 104 — «Di3uka Tta actpoHomis» (10 — Ilpupomuudi Haykw). —
®Di3uKO-TeXHIYHUN THCTUTYT HU3bKUX TemrepaTyp iM. b.I. Bepkina HamnionanbHoi
akajziemii Hayk Ykpainu, Xapkis, 2023.

Jluceprailito MPUCBAYCHO JETAIBHOMY JIOCIIPKCHHIO Ta aHAI3y JUHAMIYHUX
IPOLIECIB, AK1 BiI0yBaIOTHCS IPU B3a€EMO/I1T ME30CKOTITYHUX JIBOPIBHEBUX (KyOITIB)
Ta 0araTopiBHEBUX (KyOITIB) CHCTEM 31 30y/KYyIOYMM CUTHAJIOM.

Y BeTyni BHU3HaY€HO METy Ta OCHOBHI 3aBIaHHS JOCHIIKEHHS, CTHCIIO
OTHMCAHO aKTyaJbHICTh BUOOPY TEMHU IHCEPTaILIHOI poOOTH, 3a3HAYEHO 00’ €KT,
npeaMer Ta Metonu jaociimkeHHa. CopmynbOBaHO HAyKOBY HOBHU3HY, a
TaKOXX MPAKTUYHE 3HAUYCHHSI OTPUMAHUX pe3yibrariB. HaBeneHo BiOMOCTI Mpo
nyOsikaiiii, o0coOUCTHI BHECOK 37100yBaua Ta anpoOallio pe3yabTariB JucepTailii.
Takoxx onmucaHo CTPYKTYpy Ta OOCST MPEACTABICHOI AUCEePTaLlIiHOT poOOTH.

Po3nin 1 npucesiueHo omigny Ta aHajizy JITepaTypu 3a TEMOK JUCEpTallli.
B HhOMY pO3IISIHYTO TEOPETHYHI Ta €KCIIEPUMEHTAbHI aCTIeKTH TUCePTaIiitHOT
poooTH.

[IpoaHanizoBaHO E€KCHEPUMEHTH, OIUCY SIKUX TPUCBAYEHO MOJAJBIII
pO3paxyHKH. 30Kpema, Oyli0o pO3MISHYTO TBEPAOTUIBHUNA IITYYHUN arom
y JIBOPIBHEBOMY HAOIMKEHHI - KyOIT TMOCTIMHOTO CTpyMy, HOJBIMHY
KBaHTOBY TOYKY, OCHOBaHy Ha KpEMHIi, TBEpJOTUIbHUN IITYYHUH aTtoM Yy
YOTUPHOXPIBHEBOMY HAOMMKeHHI. Po3misiHyTo KyOIT TOCTIMHOTO CTpyMYy:
OMKCAHO WOTo MepeBaru Ta MOXKJIKBI c(hepu 3aCTOCYBAHHS Ta ACTAIBHO OMUCAHO
OJIUH 3 EKCIIEPUMEHTIB y SIKOMY TaKa CHCT€Ma BHBUajacs. 30Kpema, MPUBEICHO
CXEeMy JIOCIIJPKYBAaHOTO 00’€KTa, MOT0 CXeMy €HEPreTMYHHMX PIBHIB, 3a3HAYEHO
napamMeTpyd eKCIEpPUMEHTY. TakoK HaBEIEHO pe3yJIbTaTH EKCIICPUMEHTY.
PesynpraTroM eKCHEpUMEHTAILHOTO JOCHDKCHHS cTajga 1HTepdepeHIiiina
KapTHHA: 3aJIeKHICTh WMOBIPHOCTI NepeOyBaHHS CUCTEMH y 30YyIKEHOMY CTaH1
BiJl HANPyTH, IO MiJBEACHO A0 CUCTEMH, Ta MOTOKOBOI BIACTPOIKHU.

Jocaimxeno iH(opMallito Mpo BIACTUBOCTI, IIOBEIIHKY, OCOOJIMBOCTI

MOJIBITHUX KBAHTOBHX TOUOK, 30KpemMa OyJi0 3a3HAUE€HO iXHI MOXJIMBI 00JacTI



3aCTOCYBaHHS Ta B IIUIOMYy OOIPYHTOBAHO aKTYyallbHICTh BHUBYEHHS TaKOTO
pony cucteMm. Takok NpPUBENEHO CXEMy MPHUCTPOIO, IO BUKOPHUCTOBYBABCS
il Yac MPOBEIEHHS OJHOTO 3 E€KCIEPUMEHTIB, HABEJEHO IMapaMEeTpU CHUCTEMU
Ta 30yIKYyIO4Oro CHUTHaTYy. Y TYHKTI IOJaHO TEOPETHUYHI BIJIOMOCTI, SKI
JIOTIOMOIJIM 3B’SI3aTH TEOPETHYHI Ta €KCIIEpUMEHTANIbHI pe3yapraru. ONHI€0 3
TOJIOBHUX 3aJ1ad PO3ALTy OyJo MpeACTaBiICHHS Pe3yJbTaTiB, OTPUMaHUX Mij dac
npoBefieHHsT excnepuMmenty. Llum pesynsrarom € iHTepdepomeTpist MmoaBiiHOT
KBAaHTOBOI TOYKHU: JOCTIIKEHHS 3aJeXHOCTI (a30BO1 BIAMOBII pe30oHATOpa Bix
€HEPreTUYHO1 BIICTPOMKHU Ta aMILTITYIX 30y/I>KYI0UOTO CUTHAITY.

BuBueHo oamH 3 EKCIEPUMEHTIB 1O JOCHIHKCHHIO BIIACTUBOCTEH
TBEPAOTUIBHOTO IITYYHOTO aToMa y YOTHUPbOX pIBHEBOMY HAOMMXKEeHHI. A
caMe MPUBEJICHO CXeMY TaKoi CUCTEMH, ii Jiarpama eHepreTUYHuX piBHIB, TOJAHO
pE3yAbTaTH EKCIIEPUMEHTY.

VY po3aini 0co0nuBy yBary NpuaijieHO TEOPETUYHUM OCHOBAM JIOCIIKCHHS, a
caMme OTpMMAaHO PIBHSHHS OanaHcy, piBHIHHS JIiHa0MaMa, pO3MISHYTO TEOPETUIH]
aCIEKTH HAAMPOBIIHUX KyOITiB.

Buseneno piBHaHHs Oanancy. Crnodarky pO3IISIHYTO JBOPIBHEBY CHCTEMY,
BOHa 30YIKY€TbCS TMEPIONUYHUM CUTHAJIOM, OJHIEI0 3 KOMIIOHEHT SIKOTO €
KJIACUYHUH IIyM, SIKUM BIJIMOBIJA€ 32 JEKOTEPEHIII0 CUCTEMHU. 3 BUKOPUCTAHHIM
Teopii 30ypeHb OTPUMAHO YACTOTY MEPEXOAy MIXK CTaHAMHU JOCIIIKYyBaHOI
cuctemu. OTpuMaHuUi BUpa3 MO YACTOTH TMEPEXOAy Yy3arajJbHIOEThCS Ha
BUITAJIOK 0araTopiBHEBUX CHCTEM, IICIS YOTO TOMAETHCS PIBHSIHHS OallaHCy
JUISL TaKUX OO0’€KTIB. Y SIKOCTI NPUKJIAAy OTPUMAHE PIBHSHHS MPUMIHSIETHCS
JUIsl OMHCY JBOPIBHEBOI cucTeMU. B pesynbrari Oyno BCTaHOBJIEHO, IO BUpa3
JUTs KIMOBIPHOCTI 3aCEJICHOCTI BEPXHBOTO PIBHA KyOiTa B TOYHOCTI CIIBHAJAE 3
po3B’s13k0oM piBHAHHS brioxa st iBopiBHeBOi cuctemu ([IPC). OCKUTbKY y TeIKuX
BUIIAJIKaX KOPUCHO ckopuctatucs pynkiismu Edipi, 3amicts pynkuiii beccens (sii
BXOJIATH y BUPA3 VIS YaCTOTH NIEPEXOTY MK CTAHAMU CUCTEMH), TO OYJIO OITUCAHO
nepexij MK HUMH.

OTtpumano piBHsHHS JIiHa0na1a. BuBeeHHs: NOYMHAETHCS 3 3aMUCY PIBHAHHS
Jliysumns-¢hon Heiimana ans cucreMu “IOCHIDKYBaHHM 00’ €KT-pe3epByap”,
AK€ TMOTIM MEPENUCYEThCA y MPEACTaBICHHI B3aeMoOMli. SIK HACHIAOK, MiCIs

3aCTOCYBaHHS 1TE€palliifHOr0O METOAYy OTpUMYEThCA piBHSIHHS bopHa-Mapkoga.



[licna 3amucy raMulbTOHIaHa B3a€MOIl ~IOCHIIKYBaHHM 00’ €KT-pe3epByap”’
y TMEBHOMY BWIJIAJIl OTPUMYETbCS 3arajbHe piBHSAHHA JliHaOmaga. Y skocti
NPUKIATy OTPUMAaHE PIBHSHHS 3aCTOCOBYETHCS JUIS OMKCY JIBOPIBHEBOI Ta
YOTUPHOXPIBHEBOI CHCTEM.

Omnucano OTpUMaHHA TaMUIBTOHIAHA IS KyOiTa pPO3MIIIECHOTO TEepe
n3epkasioM. lleit raminbroHian Oyfae BUKOPHMCTAHO B OCHOBHIN YacTHHI poOOTH
JUTSL TEOPETUYHOTO OMUCY TAKO1 CUCTEMH.

JleTanbHO OCTIHKEHO TEOPETHYHI acleKTH HAIMPOBITHUX KyOIiTiB, a came
OMMKMCAHO aBTOHOMHHM KOHTAKT J[o3edcoHa, HAAMPOBIIHE KUIbIIE 13 KOHTAKTOM
Jxo3edcona (Ba-CKBIJI). Cuctemy, sika CKIaga€ThCs 3 HAAMPOBIIHOTO KIJIBIIA 13
KoHTakTOM JI)k03edcoHa Oyio MPOKBAaHTOBAHO 1 SIK pe3yJIbTaT OTPUMAHO OIepaTrop
["amMinbTOHA IIi€T CUCTEMH.

VY po3niji 2 piBHsSIHHS 0anaHCy 3aCTOCOBYETHCS ISl OMUCY JABOX KBAHTOBHUX
CHUCTEM: TBEPAOTUILHOTO IITYYHOTO aroMa y JABOPIBHEBOMY (KyOiTa MOCTIHHOIO
CTPyMYy) Ta YOTHPHLOXPIBHEBOMY HAOIMIKEHHSX.

3anucaHo piBHAHHS OamaHcy Juisi JBOPIBHEBOI CHUCTeMH — KyOirta
noCTiiiHOrO cTpymy. JlJis CTallilOHApHOTO PEKUMY OTPUMAHO PO3B’SI3KU:
WMOBIPHOCTI 3aCeJICHOCTI CTaHIB CHUCTEMHU K (YHKII penakcalliif, 4acToTu
Ta aMILTITY1 30y/DKYIOUOTO CUTHATY, EHEpreTUYHOI BIACTPOUKH Ta BiJICTaH1 MIXK
CHEPreTUYHUMH PIBHAMH CHUCTEMH Yy TOYIll IXHHOTO HAWOIIBIIOTO 307IMKCHHS.
[onoBHUM pe3ynbTaToM MIAPO3AUTY cTaja iHTepdeporpaMa: MHMOBIPHICTD
3aceneHocTi crany |1) cucremu sik QyHKIisS aMIutiTyqu 30yIKyIO4OTo MOJIs Ta
CHEPreTHYHO1 BiJICTPOUKH. 3 TOPIBHSIHHS TCOPETUYHHUX Ta €KCIIEPUMEHTATBHUX
KapTHUH 3p00JIeHO BUCHOBOK, 110 PE3YJIBTATH T0OPE Y3TOMKYIOThCS.

BuBueno nunamiky KyOita mocTiiiHOro crpymy. s uporo Oyno 3ammcaHo
1 po3B’si3aHo piBHSHHS JliHAOMaza 1 SIK HACHIIOK OTPUMAaHO MMOBIPHICTD
3aceneHocti crady |1) cucremMu sK (YHKIIO 4Yacy, 4aCcTOTH Ta aMIDIITYIH
30yI>KeHHSI, BIICTPOMKHM €HEprii, pO3ILIEIJIEHHS €HEPreTUYHUX PIBHIB (BIACTaH1
MDK EHEPTEeTHYHUMU PIBHSIMH CUCTEMH Y TOUIIl IXHLOTO HAMO1IBIIIOTO 30TMKEHHS ).
3 1Hmoro OOKy sl L€l CUCTEMH 3alucaHo 1 po3B’sA3aHO PIBHSAHHS OallaHCy
i SK HACTIJOK OTpPUMaHO 3acelieHicTh crany |1) cucremu SK QYHKI{IO THX
camux mapametpiB. Iliciga doro mi aBa miaxoau Oyino MOPIBHSHO MIXK COOOIO.

Criouarky OyI10 moOyI0BaHO 3aceNeHicTh cTany |1) cucremu sik QyHKIIrO acy Ta



CHEePreTUIHOI BIACTPOIMKH 1 3p00JIEHO BUCHOBOK IPO T€, IO PO3IJISHYTI M1IXOAN
MaloTh TapHy fAKICHY BiamoBigHicTh. [loTiM Oyno 3adikcoBaHO JBa 3HAUEHHS
CHePreTHYHO1 BIACTPOIMKY 1 JIJIs1 HUX MOOYI0BAaHO IMOBIPHICTH 3aCEJIEHOCTI CTaHy
|1) sk QyHkuiro yacy. 3 MOPIBHAHHS pPE3YJIbTAaTiB 3pOOJIECHO BHCHOBOK, IO
B paMKax (opmanizMy piBHSHHSI OanaHCy KOJHMBAHHS YCEPEAHIOIOTHCS, TOMY
OTpHMaHI1 KpUB1 € MOHOTOHHUMHU, TOA1 K MiaxXia piBHsSHHS JIiHAOMaxa BimoOpaxae
OUTBII CKJIaIHY TOBEIHKY CUCTEMH.

3HayHy yBary NPHUIUJICHO TEOPETUYHOMY BHBYCHHIO BJIACTHBOCTEH Ta
O0COOJIMBOCTEN TBEPIOTUILHOTO INTYYHOTO aroMa Y YOTHPbOXPIBHEBOMY
HaOMMKEHHI, 30KpeMa, MOJaHO TaMIJbTOHIAH CHCTEMH Ta 3allMCaHO PIBHSIHHS
OanmaHcy, mo ii onucytroTh. PO3B’A3KOM pIBHSIHb € KWMOBIPHOCTI 3aCElIEHOCTI
KOXXHOTO 31 CTaHIB CHCTeMH, SK (QYHKIII Yacy, aMIUITyad 30ymIKeHHS,
€HEPreTUYHO1 BIJICTPOMKHU Ta 1HIIMX MapaMeTpiB. Y BIANOBIAHOMY €KCIIEPUMEHTI
BHBYAJIACS 3aJIEXKHICTh 3aCEICHOCTI JBOT sIMH (3aCENeHICTh CTaHiB |2) Ta |3)) Bix
aMIUTITYIX 30Y/DKEHHS Ta €HEPTETUYHOT BIICTPOUKH, TOMY CaM€ Taki 3aJIe)KHOCTI
Oy7n0 mo0y10BaHoO, 110 J1aJI0 3MOT'Y TOPIBHATHU TEOPETUYHI Ta €KCIEPUMEHTAIbHI
KapTHUHU. 3 TOPIBHSUIBHOTO aHalizy Oyja0 3po0JeHO BHUCHOBOK IPO XOPOUILY
BIJINOBI/IHICTh PE3Yy/bTATIB. Y 3aBEPIICHHI OyJI0 BUBYEHO IMHAMIKY CUCTEMHU. A
came, moOyI0BaHO 3aJI€KHICTh WMOBIPHOCTI 3aCEJICHOCTI JIIBOI sIMU BiJ Yacy Ta
CHEePreTUIHOT BIICTPOUKH.

Po3aia 3 npucBsIUeHO 3aCTOCYBAaHHIO PIBHSAHHS OallaHCy AJIs OMUCY MOJABIMHOT
KBaHTOBOI TOYKU. OCOOMMBY yBary B pO3ALUIl MPUALIEHO BUBYEHHIO MOMIIMBHUX
cthep 3acTocyBaHHs TOABIMHUX KBAHTOBUX TOYOK Ta IXHBOTO MICLS Yy CydacHId
¢b3umi. Takox Oyno 3ayBa)keHO, IO JOCIIKyBaHa CHUCTeMa € KyoitoM (O-
PIBHEBOIO KBAHTOBOIO CUCTEMOI0). Y PO3IISTHYTOMY BUIIAAKY O = 4, TOOTO 00’ €KT
€ KBaJIPITOM.

BuBeaeHo Bupa3 ajisi piBHIB €HEPrii MOJBIMHOI KBaHTOBO1 TOUKHU. J[J11 1IbOTO
y 3araJbHOMY BUIJISIII 3aIIMCAHO €NEKTPOCTATUYHY €HEPTil0 CUCTEMH, OTPUMAHO
MaTpPHIIIO, IO OMHUCYE 3apsj Ha KOXKHIM KBAHTOBIM TOYIll Ta MAaTPHITI0O EMHOCTEMN
cucteMu. Y pesyabrari Oylo BUIMCAHO €JIEKTPOCTATUYHY EHEPIriio MOMABIMHOI
KBAHTOBOI TOUKH SIK (PYHKIIIIO KIJIBKOCTI €IEKTPOHIB HA KOXKHIM KBaHTOBIN TOYIII,
€EMHOCTEM Ta mnpukiafeHux Hampyr. | y 3aBepmieHHi moOymoBaHO aiarpamy

CHEPreTUYHUX PIBHIB IJIs JOCIIKYyBaHOTO 00’ekTa. OTpuMaHa Jiarpama Jae



MO>KJIMBICTH 3alCaTH CUCTEMY PIBHSHB OalaHCy.

OTpumaHO cucTeMy piBHAHb OallaHCy JUIs AOCHIIHPKYBaHO! MOMABIMHOT
KBaHTOBOI ToukH. I1i7 yac 3anucy piBHSHB Oyl0 BpaxoBaHO TOW (akT, IIO MicCIs
MPOXOJPKEHHSI TOYKM MAaKCUMAJIbHOTO HAOJMIKEHHS PIBHIB PIBHI MIHSIOTHCS
MiclsIMU (BEpXHIH piBeHb cTae HWkHIM). Ll oOcrtaBuHa 0COONMBO BILTMBAE
Ha peJakcarlii, siki BiI0yBalOTbCsI 3 BEPXHBOTO PIBHS Ha HIDKHIA. TyT MaeThcs
Ha yBasi, II0 3BOPOTHI pernakcaiii mpurHideHi 3a 3akoHoM bomnbimana. [1]06
B3STH II€ JIO yBarw, iHTEpPBaj IO OCI EHEPreTHUYHOI BiICTPONKH OyJI0 MOMIICHO
Ha J[Bl YACTUHU: 3 €HEPTEeTUYHOIO BiJCTPONKOIO OUIbIIE HYJS Ta MEHbBIIE HYIIS.
Po3B’s13yBaHHS OTpUMaHUX PIBHSHB J1aJI0 3MOTY TTOOYIyBaTH €KCIIEPUMEHTAIBHO
BHUMIPIOBAHY BEJIMUMHY — (a30By BIAMOBIAb pe30HaTOPA SIK (YHKIII0 aMILTITYAN
30y/I>KyIOUOT0 CUTHATY Ta €HEPreTUYHOI BIACTpOHKU. Ha 0CHOBI MOPIBHSIBHOTO
aHalli3y TEOPETUYHUX Ta EKCIEPUMEHTAJIbHUX pe3yJbTaTiB Oylio 3po0JeHO
BHCHOBOK, III0 OTpHMMaHa iHTepdeporpama AEMOHCTPYE Ti caMi MOAEHTI, IO
W eKkcriepuMeHTallbHa. 30KpeMa, MO)KHA IMO0aYMTH YOTHPH PI3HI PEKUMU:
HekorepeHTHUi, aBopaszoBuii JI3IIIM, omnopazosuit JI3LIM, 6GarartopazoBuii
JIBIIM. ¥V nomoBHeHHS 0yiio moOyI0BaHO 3aJI€KHICTh MMOBIPHOCTEH 3aceICHHS
MIEBHOTO PIBHS BiJ] 4acy JJIsl PI3HUX PEKUMIB.

Po3rnsinyTo cuctemy y eHepreTuuHomy 0asuci. 3po0sieHO MPUIYIIEHHS PO
T€, 110 BEPXHIN EHEePreTUUYHUI PiBEHb HE BIIMBAE HA TTOBEAIHKY CUCTEMH 1 TOMY
HUM MO)XKHA 3HEXTyBaTH. JlJis Takoro BUMAAKY 3allMCAaHO PIBHSIHHS OanaHcy Ta
00TOBOPEHO MOKJTMBI TPAaHUYHI BUITAJIKH.

Po3is1 4 npuCBSIYEHO TECOPETUYHOMY Ta EKCIIEPUMEHTAJIHLHOMY BHBUEHHIO
MOBEIHKA KyOiTa THUIY TpPaHCMOH, IIiJI’ €IHAHOTO JI0 HAaIBHECKIHYCHHOT
miHli mepengad. Ha mouaTky po3ainy ONMHUCAHO aKTyaJdbHICTh Ta JOIIIBHICTH
BUBYECHHS TAKOTO POAY CHCTEM, a TAKOXK KOPOTKO OMUCAHO METOAN TEOPETUUHHUX
JTOCH1KEHD.

3HayHy YaCTUHY pO3AULYy TPUCBAYEHO EKCIIEPUMEHTAIBHUM acIleKTaM
BUBUCHHS JUHAMIKU KyOl1Ta THUITY TPAHCMOH, M1’ € JHAHOTO J0 HaIlIBHECKIHYCHHOT
HiH1T nepenay. Y Xo/li eKCIepUMEHTY Ha KyOIT J11I0Th 30HIYI0UUH Ta 30y Ky0UHii
(curHan Hakauyku) CUTHaIW. Bapiooloun napaMeTpu LMX CUTHAIIB 1 MOTIM,
aHAI3yIOUM 30HIYIOUMI CHUTHAJI, MOXHA JOCHI/DKYBaTU JAWHAMIKY CHCTEMY.

BennuuHoo, SIKy BUMIPIOIOTH IiJI 4ac €KCHEPUMEHTY € KOe(QilI€HT BiIOWUTTS



r (y Teopii ioMy BimoBisae HMOBIPHICTH 3acelieHHs 3apsaoBoro crany |1)).
HaBeneno xoHuenTyanbHUN €CKi3 MPUCTPOIO (ABOPIBHEBOIO aToMa, 3’€HAHOTO
13 XBHJIEBOJIOM HAIiBHECKIHYEHHOI JiHII Tepenad), MPUBEACHO 300paskeHHs
Ky0iTa 3a JOIMOMOTOI0 CKaHYIOYOTO €JIEKTPOHHOTO MIKPOCKOTA, MTOKA3aHO CXEMY
eKCTIEPUMEHTAJILHOT YCTAaHOBKH.

PosrnsiHyTO  mocmipkeHHsT  KyOiTa 3a  JIOIOMOTOI0  OJJHOTOHAJIBHOTO
PO3CIIOBaHHSI, a caMe HaBeJeHO (popMyity asist 00UHCIIeHHs Koe(ili€HTa BiIOUTTS
7, TIOKa3aHO KPUBI, 110 XapaKTEPU3YIOTh KOe(DIIieHT BIAOUTTA 7 SK (YHKIIIIO
30HIYI0Y01 YACTOTH JIJIsi IEBHOTO 3HAUYCHHS aMILTITY/IH.

[IpuBeneHO KOPOTKE MOPIBHSAHHS 3 TTOMEPEIHIM BIAMOBITHUM JOCII1IKEHHSIM.
3a3Ha4yeHo, 1110 OCHOBHA BIAMIHHICTH MK IIUMU JBOMA JOCIIIKEHHIMH MOJIATaE B
TOMY, 1110 B IONIEPETHHOMY €KCIIEPUMEHTI KyOiT OyB pO3TallIOBaHUH y By3JIi, TAKUM
YUHOM BiH OyB «IIPUXOBaHUI» a00 «BIAOKpPEMIICHUI Bij diHIT nepenayi. [Hummu
cJI0BaMHM, KyOIT OyB OIMPOMIHEHHUM €JIECKTPUYHHUM I10JIEM, ajie He BiA4yBaB HMOTO,
OCKUTBKH KyOIT OyB pO3TaIllOBaHUM Yy BY3IIL.

JleTanbHO OnUcaHo Mporec 00poOKH eKCIIepUMEHTATbHUX IaHUX Ta OOYI0BY
3alIeKHOCTE. 30KpeMa, 3a3HAuC€HO 1HCTPYMEHTH, SIKI BUKOPHUCTOBYBAJIUCH MPH
po0O0TI 3 TAOIMYHUMU JJAHUMU, OITUCAHO METOAM Ta (DYHKIII1, 32 JIOTIOMOTO0 SIKUX
OyJI0 OTprMaHO iHTepdeporpaMu Ta AUHAMIYHI 3aJIEKHOCTI CTaHy KyOiTa.

PeanizoBano TeopeTnuHe omHMcaHHs KyOiTa THITy TPAHCMOH, MiJ’ €IHAHOTO
70 HAMmBHECKIHUYEHHOI1 JiHIT mepemad. A caMe TMpeACTaBICHO TaMUIbTOHIaH
chcTeMU. [ 'aMIJIBTOHIAH CKJIaIa€THCS 3 IBOX YACTHH: J1arOHAJIbHOI, 1110 B1AIIOB1a€
MOIYJIALIT PIBHIB €HEPrii Ta HEIIarOHAJIbHOI, fKa XapaKTepHU3ye 3B A30K
13 mpoOHuUM curHamoMm. Jns Toro, mo0 mno30yTHUCS MIBUAKOTO 30YIKEHHS
y TOYaTKOBOMY TIaMUIbTOHIaHI, 3aCTOCOBAHO YHITapHe ImepeTBopeHHs. [l
orpuMaHoi QyHkii ['aminbsrona 3anucano piBHsHHA JlinaOnana.

OgHuM 3 OCHOBHHMX PE3yJbTaTIB PpO3IUTy € OTpUMaHl iHTepdeporpaMu:
3aJICKHICTh KOe(dilieHTa BIAOWUTTA 7 BiJ MOTY)KHOCTI HAaKauykd 1 4YacTOTH
30HJYIOUOTO CHUTHaJIy TIpH (DIKCOBaHIM YaCTOTI HAaKa4Kh Ta TOTY>KHOCTI
30HAyIoUoro curHamy. Otpumani iHTepdeporpaMu  JOMOMAaraiTb  HE
JUIle OTPUMYBATH TMIATOHOYHI MapaMeTpH, a ¥ J03BOJISIIOTH OLIHUTH Yac
JEKOT€PEHTHOCTI CUCTEMU, HAJJAal0Th IHCTPYMEHT JIJI KaJdlOpyBaHHS MOTYKHOCTI,

BIJIKPMBAIOTh HOBI MOMKJIMBOCTI I OararopoToHHOI criekTpockomii. Takox y



MiIPO3AUII MOAAHO MOPIBHSUIBHY TAOIMIO, SKa MICTUTh 3HAUCHHSI MapaMmeTpiB
JUISL TIOTIEPEAHBOTO EeKCHEepUMEHTy (y SIKOMYy HE BUBYAJaCh JIMHAMIiKa) Ta JUIs
IPEICTaBICHHOTO.

JleranpbHO BHBYEHA JWMHAMIYHA T[IOBEJIHKAa KyOiTa THUIY TPAHCMOH,
i1’ €THAHOTO JI0 HaIBHECKIHYEHHOI JIiHII mepeaad B 3aje)KHOCTI BiJl 3HAYCHB
YaCTOTH HAKAYKU Ta MOTY>KHOCTI CUTHATY Hakauku. Tako po3MISHYTO BUMAI0K
BIJICYTHOCTI 30y/I’KYIOUOTO CUTHAITY. 3 aHaJli3y OTPUMaHUX YaCOBHX 3aJICKHOCTEN
MO>KHA 3pOOUTH BUCHOBOK, I110: UMOBIPHICTH 1 KO(DIIIEHT BIAOUTTS OCUUIIOIOTH
3 mepiogom 1T = 271/ Wpump (Wpump — YaCTOTAa HAKAYKH);, [JIs YACTOTH
HaKaTyBaHHA, Wpump /2t = BMHz, € nBa BuaM miKiB: BHCOKI Ta HU3BKI;
JTMHAMIKA CUCTEMU CKJIAJIA€THCA 3 IBOX PEKUMIB: CTAI[IOHAPHOTO Ta MEPEX1AHOTO.
CrauioHapHUI pexuM crocrepiraerbes micist ¢t = 1.5 ys A BCiX po3NISHYTUX
BUMAJKIB.

KurouoBi caoBa: HaampoBigHuM KyOIT, KyOIT THIy TpPaHCMOH, MOJBIiHA
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ABSTRACT

Liul M. P. Dynamic processes in multi-level mesoscopic systems. —
Qualification scientific work printed as a manuscript.

Dissertation for a Doctor of Philosophy degree in speciality 104 — «Physics and
Astronomy» (10 — Natural Sciences). — B. Verkin Institute for Low Temperature
Physics and Engineering, NAS of Ukraine, Kharkiv 2023.

The dissertation is devoted to a detailed study and analysis of dynamic
processes that occur during the interaction of mesoscopic two-level (qubits) and
multi-level (qudites) systems with an exciting signal.

The introduction briefly substantiates the relevance of choosing the topic of
the dissertation work, defines the purpose and main tasks of the research, and
also describes the object, subject and research methods. The scientific novelty and
practical significance of the obtained results are formulated. Information about
publications, personal contribution of the recipient and approval of the results
of the dissertation is provided. Information about the structure and scope of the
presented dissertation work is also indicated.

Chapter 1 is devoted to the review and analysis of the literature on the topic of
the dissertation. It examines theoretical and experimental aspects of the dissertation
work.

Experiments are analyzed, the description of which is devoted to further
calculations. In particular, a persistent-current qubit, a silicon-based double
quantum dot, and a solid-state artificial atom are considered.

The persistent-current qubit is considered: its advantages and possible areas of
application are described, and one of the experiments in which such a system was
studied is described in detail. In particular, the diagram of the object under study is
shown, its energy level diagram and the parameters of the experiment are indicated.
The results of the experiment are also given. The result of the experimental research
was an interference picture: the dependence of the probability of the system being
in an excited state on the voltage applied to the system and the flux detuning.

Information about double quantum dots is studied, in particular, their possible
areas of application are indicated and, in general, the relevance of studying
such systems was justified. The diagram of the device used during one of the

experiments is also given, as well as the parameters of the system and the excitation
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signal. Theoretical information that helped to connect theoretical and experimental
results is provided. One of the main tasks of the chapter is to present the results
obtained during the experiment. This result is double quantum dot interferometry:
a study of the dependence of the phase response of the resonator on the energy
tuning and the amplitude of the excitation signal.

One of the experiments which explores the properties of a solid-state artificial
atom is studied. Namely, the scheme of such a system, its diagram of energy levels,
and the results of the experiment are presented.

A lot of attention is paid to the theoretical foundations of the research,
namely, the rate-equation, the Lindblad equation, and the theoretical aspects of
superconducting qubits are considered.

Theoretical aspects of the derivation of the rate-equation are studied in details.
First, a two-level system is considered, it is excited by a periodic signal, one of the
components of which is classical noise, which is responsible for decoherence of
the system. Using perturbation theory, the transition frequency between the states
of the system under study are obtained. The resulting expression for the transition
frequency is generalized to the case of multi-level systems, after which the balance
equation for such objects is given. As an example, the resulting equation is used
to describe a two-level system. As a result, it was established that the expression
for the probability of population of the upper qubit level exactly coincides with the
solution of the Bloch equation for two-level system (TLS). Since in some cases it is
useful to use Airy functions instead of Bessel functions (which are included in the
expression for the transition frequency between the system states), the transition
between them has been described.

The Lindblad equation is obtained. The derivation begins by writing the
Liouville-von Neumann equation for the reservoir-object” system, which is then
rewritten in the interaction picture. As a result, after applying the iterative method,
the Born-Markov equation is obtained. After writing the Hamiltonian of the
interaction “’reservoir-object” in a certain form, the general Lindblad equation is
obtained. As an example, the resulting equation is used to describe two-level and
four-level systems. Obtaining the Hamiltonian for a qubit placed in front of a mirror
1s described. This Hamiltonian will be used in the main part of the work for the

theoretical description of such a system.
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A detailed study of the theoretical aspects of superconducting qubits, the self-
contained Josephson contact, a superconducting ring with a Josephson contact
(SQUID) is described. The system consisting of a superconducting ring with a
Josephson contact was quantized and as a result the Hamiltonian operator of this
system is obtained.

In chapter 2 the rate-equation is applied to describe two quantum systems: a
persistent-current qubit and a solid-state artificial atom.

The rate-equation for a two-level system — a persistent-current qubit is
written. For the steady-state regime, solutions are obtained: the probability of
the population of the system states as a function of relaxations, frequency and
amplitude of the exciting signal, energy detuning, and the distance between
the energy levels of the system at the point of their greatest convergence. The
interferogram: the probability of the population of the |1) state of the system as
a function of the excitation field amplitude and energy detuning is obtained. From
the comparison of theoretical and experimental pictures, it was concluded that the
results are in good agreement.

The dynamics of the persistent-current qubit is studied. For this purpose, the
Lindblad equation was written down and solved, and as a result, the probability of
the population of the |1) state of the system was obtained as a function of time,
frequency and amplitude of excitation, energy detuning, splitting of energy levels
(distances between the energy levels of the system at the point of their greatest
convergence). On the other hand, the rate-equation was written and solved for this
system, and as a result, the population of the state |1) of the system was obtained as
a function of the same parameters. After that, these two approaches were compared
with each other. First, the population of the |1) state of the system was constructed
as a function of time and energy tuning, and it was concluded that the considered
approaches have a good qualitative correspondence. Then, two values of the energy
detuning were fixed and the probability of occupancy of the state |1) as a function
of time was plotted for them. From the comparison of the results, it is concluded
that the formalism of the rate-equation averages the fluctuations, so the obtained
curves are monotonic, while the approach of the Lindblad equation reflects a more
complex behavior of the system.

A solid-state artificial atom 1is theoretically studied in the four-level
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approximation, in particular, the Hamiltonian of the system is presented and
the rate equations describing it are written. The solution of the equations is
the occupation probability of each of the system states as a function of time,
excitation amplitude, energy detuning, and other parameters. In the corresponding
experiment, the dependence of the left well population (the population of the
|2) and |3) states) on the excitation amplitude and energy tuning was studied,
so exactly such dependencies are obtained, which made it possible to compare
theoretical and experimental pictures. From the comparative analysis, it is
concluded that the results are in good agreement. Finally, the dynamics of the
system was studied. Namely, the dependence of the occupation probability of the
left well on time and energy tuning was constructed.

Chapter 3 is devoted to the application of the rate-equation to describe the
double quantum dot. Special attention is paid in the chapter to the study of possible
areas of double quantum dots application and their position in modern physics. It
1s also noted that the studied system is a qudit (d-level quantum system). In the
considered case, d = 4.

An expression for the energy levels of a double quantum dot is derived. For this
purpose, the electrostatic energy of the system is written in general form, a matrix
describing the charge on each quantum dot and a matrix of system capacities is
obtained. As a result, the electrostatic energy of a double quantum dot is written
as a function of the number of electrons on each quantum dot, capacitances and
applied voltages. And finally, a diagram of energy levels for the object under study
1s constructed. The resulting diagram makes it possible to write down the system
of rate equations.

A system of rate-equations for the investigated double quantum dot is obtained.
When writing the equations, we took into account the fact that after passing the
point of maximum approximation of the levels, the levels change places (the
upper level becomes the lower one). This effect especially affects the relaxations,
which occur from the upper level to the lower one. This implies that the inverse
relaxations are suppressed according to the Boltzmann law. To take this into
account, the interval along the energy detuning axis was separated into two parts:
with energy detuning greater than zero and less than zero. Solving the obtained

equations made it possible to construct an experimentally measured value — the
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phase response of the resonator as a function of the amplitude of the excitation
signal and energy detuning. Based on the comparative analysis of theoretical and
experimental results, it was concluded that the obtained interferogram shows the
same patterns as the experimental one. In particular, four different regimes can be
seen: incoherent, two-passage LZSM, single-passage LZSM, multi-passage LZSM.
In addition, the dependence of the occupation probability of a certain level on time
for different regimes is constructed.

In one of sections, the system is considered in the energy basis and it is assumed
that the upper energy level does not affect the behavior of the system and therefore
it can be neglected. For such a case, the rate-equations are written and possible
boundary cases are discussed.

Also for a two-level system it is theoretically described how to transfer from a
diabatic basis to an energy one or to an adiabatic one. The exact expressions for a
transfer matrix are given.

Chapter 4 is devoted to the theoretical and experimental study of the transmon-
type qubit connected to a semi-infinite transmission line behavior. The introduction
to the chapter describes the relevance and expediency of studying this kind of
systems, as well as briefly describes the methods of theoretical research.

The experimental aspects of studying the dynamics of a transmon-type
qubit connected to a semi-infinite transmission line are considered. During the
experiment, probing and excitation (pump) signals act on the qubit. By varying
the parameters of these signals and then analyzing the probing signal, it is possible
to study the system dynamics. The value measured during the experiment is the
reflection coefficient r (in theory, it corresponds to the occupation probability of
the charge state |1)). It is also shown a conceptual sketch of the device (a two-level
atom connected to a waveguide of a semi-infinite transmission line), an image of
the qubit using a scanning electron microscope, and a diagram of the experimental
setup.

The study of a qubit by using of single-tone scattering is presented, namely,
the formula for calculating the reflection coefficient r is given, the curves
characterizing the reflection coefficient  as a function of the probing frequency
for a certain value of the amplitude are shown.

A brief comparison with previous relevant research is provided. It is noted that
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the main difference between these two studies is that in the previous experiment
the qubit was located in a node, thus it was ”hidden” or “decoupled” from the
transmission line. In other words, the qubit was irradiated by the electric field but
did not feel it because the qubit was located in the node.

The procedure of processing experimental data and building dependencies is
described in detail. In particular, the tools used when working with tabular data are
specified, the methods and functions used to obtain interferograms and dynamic
dependencies of the qubit states are described.

Theoretical description of a transmon-type qubit connected to a semi-infinite
transmission line are given. Namely, the Hamiltonian of the system is presented.
The Hamiltonian consists of two parts: the diagonal one, which corresponds to
the modulation of the energy levels, and the off-diagonal one, which characterizes
the coupling to the probe signal. In order to get rid of fast excitation in the initial
Hamiltonian, a unitary transformation is applied. The Lindblad equation is written
for the obtained Hamiltonian function.

One of the main results is the obtained interferograms: the dependence of the
reflection coefficient  on the pump power and probing signal frequency at a fixed
pump frequency and probing signal power. The obtained interferograms help not
only to obtain fitting parameters, but also to estimate the system decoherence
time, provide a tool for power calibration, and open up new opportunities
for multiphoton spectroscopy. The section also provides a comparative table
containing parameter values for the previous experiment (in which dynamics were
not studied) and for the presented one.

The dynamic behavior of a transmon-type qubit coupled to a semi-infinite
transmission line is studied in detail depending on the values of the pump frequency
and the pump power of the signal. The case of the absence of an exciting (pump)
signal is also considered. From the analysis of the obtained temporal plots one
could conclude that: the probability and the reflection coefficient oscillate with
period T = 27/Wpump (Wpump is the pump frequency); for the pumping
frequency, Wpump /27t = 5 MHz, there are two kinds of peaks: high and low ones;
the system dynamics consists of two regimes: stationary and transient ones. The
stationary regime is observed after £ = 1.5 us for all the cases considered. Also it

1s studied the system behaviour after switching off the pump pulse.
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