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Puoicos A. 1. 3actocyBanns intephepomerpii Jlannay-3inepa-ITiokens0epra-
Maiiopanu aJisi KOHTPOJIO JWMHAMIKA KBAaHTOBUX cucTteM. — Kamiikaiiiina
HayKOBa Ipalls Ha MpaBax PyKOIIUCY.

Jlucepramiss Ha 3M00yTTS HAYKOBOTO CTYIEHS JOKTopa dimocodii 3a
cnemianbHicTiO 104 — «®i3uka Ta actpoHomis» (10 — IlpupogHuyi Hayku). —
®di3uKO-TeXHIYHUM THCTUTYT HU3bKHX TemrepaTyp iM. b.I. Bepkina HamionansHoi
akaJzieMii Hayk Ykpainu, Xapkis, 2024.

Jluceprariito IPUCBSIYCHO TOCIIHKEHHIO JUHAMIKA KBAaHTOBUX JBOPIBHEBUX
1 OararopiBHEBHX CHCTEM Ta pO3poOIl HOBUX IMIAXOMAIB 10 1iI OMHCYy Ta
KOHTPOJIIO 3 BUKOpUCTaHHSM piBHsAHHS JliHnOmana, iHtepdepomerpii Jlanmay-
3inepa-llTiokenpbepra-Maitopanu, agiabaTHIHO-IMITYJILCHOT MOJIETII Ta PIBHSIHB
OanaHcy.

VY BeTyni KOpOTKO OOTPYHTOBAHO aKTyalIbHICTh TEMH JHUCEPTAIlli, BU3HAYCHO
METy Ta OCHOBHI 3aBAaHHS JOCIHIIKEHHS, OO’€KT, MIpeAMEeT Ta METOIU
nociigxeHHs. CpopMyabOBaHO HAyKOBY HOBU3HY Ta ONHUCAHO MPaKTUYHE
3HAYEHHS OTPUMAHUX Pe3yNbTaTiB. Takoxk y IIbOMY PO3/IiJIi HaBeJeHO 1H(pOpMaIlito
npo myOsikaili, ocoOMCTHII BHECOK 3700yBaya Ta ampoOallilo pe3yabTaTiB
nuceprarii. Hapegeno indopmariiito mpo cTpykTypy Ta o0CAr auceprarii.

Po3zaia 1 npucBsueHo OmIsAy Ta aHami3y JITEpaTypH 3a TEMOIO AMCEpTallli.

[lepexin HMOBIPHOCTI 3aCEIEHOCTI MK €HEPTeTUYHUMH PIBHSIMU KBAHTOBOI
CUCTEMH IIiJl Yac MPOXOKEHHS KBa3iMEPETUHY PIBHIB HA3UBAETHCS MEPEXO0M
Jlannay-3inepa-llITiokensoepra-Maiiopanu (JI3IIIM). Konu kBaHTOBa cucTeMa
3 KBa3IMEPETHHOM pPIBHIB 3HAXOIWUTHCS T BIUIUBOM IEPIOJUYHOTO CHIBLHOTO
30yI>KEeHHSI 3 JOCTAaTHBO BEJIMKOIO aMILTITYIO0I0, BiOYBAa€ThCS MOCHIIOBHICTD
JIBIIM mnepexoxniB. daza, HakomuueHa MK nepexomamu (Bigoma sk ¢aza
[ITrokenb0epra), Moke MPU3BECTH [0 KOHCTPYKTUBHOI a00 JeCTPYKTHBHOI
iHTepdepentii. Sk HacaI0K, HI3UYHO COCTEPEKYBaHI BEIMUYUHU CUCTEMHU, TaKl
SK WMOBIPHOCTI 3aCEJI€HOCTEH CHEPreTUYHUX PIBHIB, BUSBJISAIOTH IEPIOAHIHY
3aJIeXKHICTh BIJ TMapaMeTpiB 30BHIMIHBOTO 30ymkeHHs. lle HasuBaeTbes
iHTepdepomertpiero JISIIM.

3riIHO 3 a/11a0aTUYHO-IMITYJIbCHOIO MOJIEIIIIO, IUHAMIKY TaKuX 30yIKyBaHUX

KBAaHTOBUX CHCTEM MO)KHA PO3JIUIMTH Ha JBa €Talu €BOJIIOII: HeamiabaTH4HI



JI3IIM nepexoau Mix €HEPreTUUHUMH PIBHSIMU MOOIN3Y KBa3INEPETHUHIB PIBHIB
Ta ajiadaTUYHy EBOJIOIII0 JajlieKO BiJ KBa3lMEpETHHIB. AHATNITHYHI BUpPa3d
MaTpullb BIAMOBIIHUX OMNEPATOPIB €BOJIOLIM Jal0Th 3MOTY ONUCYBAaTU Ta
KEepPYBaTH JTUHAMIKOIO ITUX 30y/’KyBaHUX CHCTEM.

VY neskux BUIAAKax AWHaAMIKa 1 perakcalliiiHi mporecu B 0araTopiBHEBUX
KBaHTOBHX CHCTEMax MOXYyTh OyTH 100pe omucaHi ¢(opMaii3MOM pPIBHSIHB
Oanancy. IlepeBaroro Takoro migxoay € MOro BIAHOCHA MPOCTOTA, MOPIBHSHO 3
nigxonoMm piBHsHHS JliHAOIaa.

Jlucepraiito  NMPUCBSIYCHO BHBUCHHIO KBAaHTOBHX  JBOPIBHEBHX  Ta
O0araTopiBHEBUX CHCTEM, a TaKOX ITIJIXOJIB 1 METOJIB iX OINHUCY Ta KEepyBaHHS
HuMU. HagaHo omsan Ta anami3 jiTeparypu, MoB’si3aHoi 3 piBHSHHAM JliHAOIa4,
piBusaHHsIM JliyBuuis-pon Helimana, piBHsHHAMH brioxa, migxonoM piBHSHb
OaaHCy, Ta 1HIIUMHU PIBHAHHSAMM, 110 MOXKYTh Oyl BUKOPUCTaHI JjIsi BUBYCHHS
KBAaHTOBUX CHUCTEM; a TaKOX JITeparypd, IOB’s3aHOi 3 1HTEphEepOMEeTPIEr0
JIBIM, mnepexomamu JI3IIIM, aniabarudHO-IMIYJILCHOI MOJCIIO (TaKoXK
BIJOMOIO SIK METOJ MaTpullb IMepexony), ociwaisiMu Pali, aMImiTyaHoro
CHEKTPOCKOIi€0. B 1boMy po3aini HagaHO OIS JTepaTypH, OB’ SI3aHOI 3
KyOiTaMHy, EKCHEPUMEHTAJIbHUMM peatizalisiMid HaANpPOBIIHUKOBUX KyOITIiB
Ta KyOITIB Ha OCHOBI KPEMHIEBUX TMOABIMHMX KBAaHTOBUX TOYOK, B SKHX
BUKOPHUCTOBYIOThCS SIK OpOiTajIbHI, TaK 1 JOJWHHI CTymneH1 cBoOoau. Takox Oyrno
HAJaHO OIS JITepaTypH, MOB’SI3aHOI 3 OIHO- Ta JABOKYOITHUMH KBaHTOBUMU
JIOTIYHUMH OTIepalisiMu (peari30BaHUMH SK KJIACHIHO 3a JOTIOMOTO OCITUIIAIIIN
Pa0i, Tak 1 anbTepHATUBHUM METOJIOM 3a jaornomororo nepexoais JI3IIM, sikomy
NPHUCBSIYCHO IIel po3ail OyJio TpOaHai30BaHO), KBAHTOBUMH CHUCTEMaMH 3
MOJBITHUM 30Y/DKEHHSIM Ta 1HIIMMH KBAaHTOBUMH CHUCTEMaMHU, JI€ € aKTyaJIbHOIO
¢izuxa JISIIM.

Po3nin 2 npucBsueHO NOCTIHKEHHIO allbTEPHATUBHOI MapaJurMu peasnizaiii
KBAaHTOBUX JIOT1YHUX OIepaliii Ha OCHOBI HEPE30HAHCHOTO 30Yy/KEHHS 3
nepexonamu JI3IIIM.

Tpanuiiiina peanizairisi KBAHTOBUX JIOTTYHHUX OTEPAIliil 1 KOHTPOIO 0a3y€eThCs
Ha PE30HAHCHUX OCIUJIAIIAX Pabi iMOBIpHOCTI 3aceneHocTi cuctemu. Lei miaxin
Ma€ MeBHI OOMEKEHHS Ta YCKJIQJHEHHS, OB’ s13aH1 3 0OMEKCHHSIMU HAOIMKEHHS

00epTOBOI XBUJII Ta BUTOKOM MMOBIPHOCTEH 3aCEICHOCTEN Ha PiBHI, IO JEKaTh



3a Mexamu obOmacti kyoOita. JI3LIM mepexomau 3ampoBaXylOTh albTEPHATHUBY
TpaJAULIIHUM OTepallisiM, III0 OCHOBaHI Ha pe30HaHCHOMY 30y keHHi. [lopiBHSIHO
3 TPAAUIIIHHUMHE OCHIIIAIISIMA Pabi, OCHOBHMMU BIIMIHHOCTSIMH € HEPE30HAHCHA
4acToTa 30yIKyBaJbHOIO CUTHANy Ta MaJla KUJIbKICTh MEPIOAIB Y 30BHIIIHBOMY
30y>KyBaJIbHOMY CUTHaJI1. Y PO3MISIHYTIHM anbTepHATUBHIN Mapaaurmi 30yIKEHHS
CKJIQTAEThCSA 3 TEPIOIB aaladaTHYHOI €BOJIOIII Ta KOPOTKHX HeaaladaTHYHHUX
nepexoiB. FIMOBIpHOCTI 3acelieHOCTeH eHEepreTHYHHUX PiBHIB, a TAKOXK Pi3HHIISA
daz MK HUMH MOXYTh OyTH OOpaHi HUIIXOM 3MIHM TapaMmeTpiB 30ymKeHHs
(4acToTH Ta aMIUITYIH), O 3a0e3nedye IHINY MapagurMy KOHTPOJIIO CTaHOM
KBaHTOBOI CUCTEMU.

VY naucepraiii po3BUBAETHCA MapaJurMy KBAaHTOBUX JIOTIYHUX OIepariiii Ha
ocHosi JI3IIIM mnepexofiB, MTOCTIIKYEMO TUHAMIKY OararopiBHEBOi KBaHTOBOI
cuctreMu mig BmimBoM JI3IIIM 30ymkeHHS Ta ONTHUMI3ZyeEMO MapaMeTpu s
MIJBUIIICHHS IIBUAKOCTEH KBAHTOBMX JIOTIYHUX oOmepaliid. 3a JOIMOMOIOr0
a71a0aTHYHO-IMITYJILCHOT MOJIEJTI BU3HAYEHO TTapaMeTPH 30BHIITHBOTO KEPYIHOUOTO
CUTHAJTy, HEOOX1HI ISl peajizailii KOHKPETHOI KBAaHTOBOI JIOTIYHOI omeparii.
Byno onucano ramisibToHIaH Ky0OiTa Ta oro JBa OCHOBHI 0a3UCH, IEMOHCTPYEMO
peanizailii omHOKYyOiTHHUX omnepamiii X, Y, Angamapa Ta (a3oBoi omepaiiii,
BUKOPUCTOBYIOUM K ocumiiii Pabi, Ttak 1 JI3IIM nepexoau, 1 MOpPIBHIOEMO
MIBUJKICTh Ta TOYHICTH, JOCSITHYTI 3a JIOMOMOTOK0 000X miaxoaiB. JlocmimkeHo
cnoci6 30utbmieHHs mBUAKOCTI Ta TouHocTi JI3IIIM omepamiii 3a paxyHOK
BUKOPUCTAHHS MHOXXHUHHHUX TepexofiB. Takok Oylo y3araabHEHO PO3IISHYTY
napajgurMy BUKOPUCTaHHS a/aia0aTUYHO-IMITYJIBCHOT MoOIei Uis peanizalii
KBAaHTOBUX JIOTIYHUX OMNepamid ajisa 0OararopiBHEBHMX KBAaHTOBUX CHCTEM 1
OMHUCYEMO peadizaiito 1BoKkyOiTHUX omepariit iISWAP ta CNOT 3a momomororo
nsox JI3IIM mnepexoniB. HagaHo gesiki getami peanmi3amii iHIIMX ABOKYOITHUX
onepariii: SWAP, v/SWAP, v/iSWAP, CPhase(¢), CZ, CS.

Po3ain 3 mpuCBSIYEHO BUBYEHHIO CIEKTPOCKOIII KPEMHIEBOI MMOABIMHOL

kBaHTOBOI ToukH (ITKT), B sikifi BUKOPHUCTOBYIOTBCS K OpOITaIbHI, TaK 1 JOJIUHHI
CTYTICH1 CBOOOH.

[Tepionnuno 30ymKyBaHa KBAaHTOBA CHCTEMa 3 KBa3IMEPETUHOM PiBHIB 3a3HA€E
AK HeaaladaTUYHUX NEepexojiB, Tak 1 (a30BUX 3MIH XBWJIbOBOI (PyHKIi. Lle

IPU3BOAUTH JO TMOSBH KOTEPEHTHUX IHTEPPEPEHIINHUX CMYT Yy WMOBIPHOCTSIX



3aceneHocTed cucreMu. s KyOITiB 13 KBa3iMEpPETHHOM €HEPTreTUYHUX PIBHIB
taka JI3IIIM inTepdepenis neMoHCTpye AyromoaiOHI pe3oHaHCHI diHIl. Y
BUMAJKy OaraTopiBHEBOI CHCTEMH 3 KBa3i[IEPEeTHHOM JBOX HIDKHIX pIBHIB
MIPOJIEMOHCTPOBAHO, 110 (hopMa PE30HAHCIB MOKE 3MIHIOBATUCS B1Jl OMYKJIUX YT
JI0 YBITHYTHX ceplienoiOHuX 1 apdornoaiOHuX pe3oHaHCHUX JiiHii. J[iicHO, BeCh
EHepreTUYHUN CHEKTP BU3Hadae (OpMYy TaKUX PE30HAHCHUX CMYT, 1 1€ TaKOX
HAJIa€ YSIBICHHS MPO CIIEKTPOCKOIII0 HU3bKOUYACTOTHOT CUCTEMH.

Sk KOHKpETHUI NpUKIal, e OyJ0 PO3MISHYTO JUIsi KPEMHIEBUX JIOJIMHHO-
opOiTaTbHUX KBAHTOBUX TOUYOK, SIK1 € BAXKJIMBUMH JIJII HOBOI TaTy31 BaJIbETPOHIKHU.
Po3mistHyTO 4OTHMPUPIBHEBUM TaMUIBTOHIAH KPEMHIEBOI JIOIMHHO-OPOITaIBLHOI
I[IKT. O0roBopeno, sk miaroryBatu ctanu [IKT 18 HHU3BKOYACTOTHOI
JIBILIM-cniekTpocKkomii, ONATHYBIIM iX pPE30HAHCHUM CHUTHaJOM. OpsraHHs
JI03BOJISIE 3BECTU UYOTHUPUPIBHEBY CHUCTEMYy 10 JABOpiBHEBoi. lle mae 3mory
3actocyBatu ¢opmynu iHTepdepomerpii JISILIM nms nBopiBHEBMX KBAaHTOBHUX
cucteM. Y nauceprarlii Oyau oOTOBOpeHI OTpuMaHi 1HTepdEepeHIiitHl CMyTH Ta
npoaHaiizoBaHa (opma pe3oHaHCHHMX JiHIA. /{1 omsrHeHoi 4OTUPHUPIBHEBOI
CUCTEMH BOHM MaTuUMyThb apdonoaiony dopmy. Takox Oyno mpoaHandi30BaHO
OKpEMUI BUMAJ0K 13 CHMETPUYHUM TaMUIETOHIAHOM.

Po3nin 4 mnpucBIYEHO OMKUCY KBAHTOBUX OararopiBHEBUX CHCTEM 3a
nornoMororo piBHsHHS JliHAOnMama, aniabaTHYHO-IMITYJILCHOT MOJEI Ta METOAY
PIBHSAHDb OajaHcy.

CunpHe 30ymKeHHS OaratopiBHEBOi KBaHTOBOi CHUCTEMHU Ja€ 3MOTY SIK
XapaKTepu3yBaTHu il CTaH, TaK 1 KepyBaTH HUM. B 1[bOMy pO37iii BHUBYAETHCS
cuibHO 30ymxkyBaHa aucunatruBHa yotupupiBueBa [IKT. Orpumano ii
raMiJbTOHIaH Ta pPO3B’s3yeTbes piBHsAHHS JliHabOnaga. Ils cucrema mpairoe
K MPUCTPI «UOTHUPU B OAHOMY» 3 TAKUMH BJIACTHBOCTSIMH: 1HTEpHEpPOMETp
JI3IIIM; koHJeHcaTop 3 KBAHTOBUM ITiICHJICHHSIM, MIKPOXBUJIBOBUN JIETEKTOP 1
JIBOCTOPOHHIN 1HTepdepomeTp. [HIIMMU coOBaMU, iICHY€E YOTHUPH PI3HI PEKUMU
JIBIIM: GaraTompoxigHWN, OJHOMPOXIJHHM, ABOMPOXITHUN 1 HEKOTEPEHTHHUH.
Po3paxoBaHo HMOBIPHOCTI 3aCEIEHOCTEN KOXKHOTO CTaHy CUCTEMH SIK (DyHKIIT
qacy JUisl BC1X peKuMiB poboTu. OTpuMaHi pe3ynbTaTi Jat0Th KOPUCHI YSIBICHHS
0JI0 KEpyBaHHsI, XapaKTepu3allii Ta IHiIliaini3amii cTaHiB 0araropiBHEBUX

KBAHTOBHX CHUCTEM.



Takox B 1IbOMY pO3AUT OMHUCYETHCA SIK BUKOPUCTOBYBATH aalabaTuyHO-
IMIyJIBCHY MOJENb 1 MiAX1J pPIBHAHb OallaHCy JUIsl OMKHCY KBAaHTOBHX
OaraTopiBHEBUX cHUCTeM. AA1abaTUYHO-IMITYJbCHA MOJEIb MOXE OIMUCYBaTU
JUHaMIKy OararopiBHeBUX KBaHTOBUX cucteM 3 JI3IIIM mnepexomamu 6e3
penakcarii. [ligxigx Ha OCHOBI PIBHSHb OallaHCY MOXE ONHUCYBaTH KBaHTOBI
OaratopiBHEBI CUCTEMH 3 CHEPTeTHYHOO pesakcariero. [loeqnanas agiadbaTnaHo-
IMITyJIbCHOT MOJIEeIl Ta METOAY PIBHSHB OallaHCYy JO03BOJISIE B JESKUX BUIAAKaX
omHucaTh JAWHAMIKY 0araropiBHEBUX KBAHTOBUX CHCTEM 3 EHEPreTUYHOIO
penakcartiero Ta JIBIIIM nepexonamu.

byma pospaxoBana aumHamMmika (3aJIGKHICTh HWMOBIPHOCTEHW 3aceleHOCTEH
aniabaTUYHUX EHEepreTMYHUX PIBHIB BiJl yacy, abo, B JaHOMY BHIIAJIKy, BiJ
30BHIIIHBOTO MarHiTHOTO MOTOKY ) IETEKTOpa MiKPOXBHJIHOBHUX (DOTOHIB HA OCHOBI
MOTOKOBOTO KyOiTa JuIs CTajii mepe3apsiaku Jerekropa. OTpuMaHa JMHAMIKa
JTOCUTh JTIOOPE Y3TOKYETHCS (32 BUHATKOM OKOJHIIb TOYOK KBa3IMEPETUHY) 3
pe3yibTaTaMu, OTPUMaHUMHU YHMCEIIBHUM PO3B’I3KOM piBHAHHS JIiHaOmama.

Pesynbratn gaHoi poOOTH MarOTh OAHOYACHO 3HAUEHHS AJIA IPUKIAIHOTO
3aCTOCYBaHHS, IJIs PO3POOKM Ta CTBOPEHHS HOBHUX MPHUCTPOIB ISl KBAHTOBUX
o04MCIeHb, 1 (PyHIAMEHTAIbHE 3HAYEHHS AJI1 PO3BUTKY PO3YyMIHHA (PI3UUHO1
MIOBEIIHKY CKJIATHUX KBAHTOBUX CHUCTeM. Tak, 3aIportOHOBaHI METOIU peati3allin
KBaHTOBHUX JIOTIYHUX OMepamiii MoXyTh OyTH Oe3mocepeHbO BUKOPHUCTAaHI JJIs
MMOCTAHOBKHU HOBITHIX €KCTIEpUMEHTIB. MexaHI3MH Ta MiAXOMH, 1[0 PO3BUHYTI B
po0OTi, MicIs JESKOTO JOTIOBHEHHSI €KCTIEPUMEHTAbHUMU METOIUKAMU, MOXKYTh
oe3nocepeHLO OyTH 3aCTOCOBAHI /11 BUKOHAHHS KBAaHTOBUX JIOTTYHHMX OIepariiit
Ha TIEBHUX THUMaxX peai3aliid KBaHTOBUX Komm roTepiB. [IpomeMoHcTpoBaHuUi
MeTon 3actocyBaHHs 1HTepdepomerpii JI3IIM s omsirTHEHMX KBaHTOBHX
0araTopiBHEBUX CHCTEM MOXE BHKOPUCTOBYBATHUCH [UIsl BU3HAUYECHHS HU3KU
napaMeTpiB KBAaHTOBOI CUCTEMH Ha OCHOBI i1 eKCTIEpUMEHTAILHUX 1HTEpEeporpam
JIBIIM, T0OTO 1711 cieKTpocKomii i€l cucteMu. [IpogeMoHCTpoBaHUN METON
3aCTOCYBaHHS a1a0aTHYHO-IMITYJILCHOT MOAEII 3 (popMaii3MOM piBHSHB OallaHCy
3a MEBHUX YMOB MO)KE€ BUKOPHCTOBYBATUCH ISl BA3HAUEHHS [apaMeTpiB Ha eTarti
nepe3apsiiku IeTEKTOpY MIKPOXBHIBOBUX (DOTOHIB HA OCHOBI MOTOBOTO KYOITY.
[ToGynoBanuii onuc Ta METOJ PO3PaxyHKy AUHAMIKU MOABIMHOI KBAHTOBOI TOUKH

3a JIOTIOMOTOI0 PO3B’sA3aHHA pIBHSHHA JliHnOmana moxe OyTH BUKOPUCTAHUMN



JUTSL OTMIMCY Ta KPAIOTO PO3YyMIHHA Oy[Ib-SKUX MOAIOHMX BIIKPUTUX KBAHTOBHX
0araTopiBHEBUX CHCTEM.

KuarouoBi cioBa: KyOit, nBOpiBHEBa cuCTeMa, KBaHTOBa 1HTep(hepeHIlis,
iHTepdepometpis Jlangay-3inepa-llTiokens0epra-Maiiopanu, nepexin Jlangay-
3inepa-llITiokensO0epra-Maitopanu, KBaHTOBI  IEpPEeXoau, HeaaiadaTUIHUN
nepexiji, MaTpulsd IePexoy, aaiadaTuuyHO-IMITyIbCHA MO/JIE b, KBAHTOBA JIOT1YHA
omeparlisi, HaAMPOBIAHICTh, HAAIUIMHHICTh, CIIH, MAaTPUIlSl TYCTHHH, TWHaAMIiKa

KBAHTOBHX CUCTCM.
CTIUCOK MYBJIIKALIN 3JOBYBAUYA 3A TEMOIO JUCEPTAILII
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ABSTRACT

Ryzhov A. I Application of Landau-Zener-Stiickelberg-Majorana
interferometry for the control of the dynamics of quantum systems. —
Qualification scientific work printed as 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 2024.

The dissertation is devoted to the study of the dynamics of quantum two-level
and multilevel systems and the development of new approaches to its description
and control using the Lindblad equation, Landau-Zener-Stiickelberg-Majorana
interferometry, adiabatic-impulse model and rate equation approach.

In the introduction I briefly justify the relevance of the dissertation topic,
defined purpose and main tasks of the research, objects, subject, and research
methods. The scientific novelty is formulated and the practical value of the
obtained results is described. Also, this chapter includes the information about the
publications, personal applicant’s contribution, and approbation of the dissertation
results. The information about the structure and volume of the dissertation is also
given.

The chapter 1 is devoted to the review and analysis of the literature related to
the topic of the dissertation.

A transition of the occupation probability between energy levels of a quantum
system during the passage of an avoided crossing of the levels is known as a
Landau-Zener-Stiickelberg-Majorana (LZSM) transition. When a quantum system
with an avoided-level crossing is subject to periodic strong driving with sufficiently
large amplitude, a sequence of LZSM transitions occurs. The phase accumulated
between transitions (known as the Stiickelberg phase) may result in constructive or
destructive interference. As the result, the physical observables of the system, like
the occupation probabilities of the energy levels, exhibit periodic dependence on
the parameters of the external driving. This is referred to as LZSM interferometry.

According to the adiabatic-impulse model, the dynamics of such driven
quantum systems can be split into two evolution stages: non-adiabatic LZSM
transitions between the energy levels in the vicinity of the level anticrossings and

adiabatic evolution far from the anticrossings. The analytical expressions of the
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matrices of the corresponding evolution operators allows to describe and control
the dynamics of these driven systems.

In some cases the dynamics and relaxation processes in the multilevel quantum
systems can be well described by the rate equation formalism. The advantage of
such approach is its relative simplicity, compared to the Lindblad master equation
approach.

The dissertation is devoted to studying quantum two-level and multilevel
systems and the approaches and methods for describing and controlling them.
We provide the review analysis and the literature related to the Lindblad master
equation, Liouville-von Neumann master equation, Bloch equations, rate equation
approach, and other equations that can be used to study quantum systems; and the
literature related to LZSM interferometry, LZSM transitions, adiabatic-impulse
model (also known as the transition matrix method), Rabi oscillations, and
amplitude spectroscopy. We also provide an overview of the literature related to
qubits, experimental realizations of superconducting qubits and qubits based on
silicon double quantum dots, exploiting both orbital and valley degrees of freedom.
We provide an overview of the literature related to one- and two-qubit quantum
logic gates (realized both classically by Rabi oscillations and by an alternative
method, using LZSM transitions, researched in this chapter), quantum systems
with double driving signal and other quantum systems where LZSM physics is
relevant.

The chapter 2 is devoted to the study of an alternative paradigm for
implementing quantum logic gates based on non-resonant driving with LZSM
transitions.

A conventional realization of quantum logic gates and control is based on
resonant Rabi oscillations of the occupation probability of the system. This
approach has certain limitations and complications, connected with the limitations
of the rotating-wave approximation and leakage of the occupation probabilities to
levels that lie outside the qubit subspace. LZSM transitions provide an alternative
to conventional gates based on resonant driving. Compared to traditional Rabi
oscillations, the main differences are a non-resonant driving frequency and a small
number of periods in the external driving signal. In the considered alternative

paradigm the driving consists of the periods of adiabatic evolution and short non-
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adiabatic transitions. The energy-level occupation probabilities, as well as the
phase difference between them, can be chosen by varying the driving parameters
(the driving frequency and amplitude), which provides a different paradigm for
control of the quantum system.

We further develop the paradigm of quantum logic gates, based on LZSM
transitions, explore the dynamics of a multi-level quantum system under LZSM
drive and optimize the parameters for increasing the quantum logic gates speed.
We define the parameters of the external driving required for implementing a
specific quantum logic gate using the adiabatic-impulse model. We describe the
qubit Hamiltonian and its two main bases, demonstrate the implementations of
single-qubit X, Y, Hadamard, and phase gates implementations using both Rabi
oscillations and LZSM transitions, and compare the speed and fidelities achieved
with both paradigms. We explore the way of increasing the gate speed and fidelity
of the LZSM gates by using multiple transitions. We generalize the considered
paradigm of using the adiabatic-impulse model to realize quantum logic gates for
multi-level quantum systems, and describe the realization of two-qubit iISWAP
and CNOT gates with two LZSM transitions. We also provide some details for
implementing other two-qubit gates: SWAP, v/SWAP, /iSWAP, CPhase(¢), CZ,
CS.

The chapter 3 is devoted to the study of the spectroscopy for a silicon double

quantum dot (DQD), exploiting both orbital and valley degrees of freedom.

A periodically driven quantum system with avoided level crossing experiences
both non-adiabatic transitions and wave-function phase changes. These result
in coherent interference fringes in the system’s occupation probabilities. For
qubits with repelling energy levels, such LZSM interference displays arc-shaped
resonance lines. In the case of a multi-level system with an avoided level crossing
of the two lower levels, we demonstrate that the shape of the resonances can change
from convex arcs to concave heart-shaped and harp-shaped resonance lines. Indeed,
the whole energy spectrum determines the shape of such resonance fringes and this
also provides insight on the slow-frequency system spectroscopy.

As a particular example, we consider this for valley-orbit silicon quantum dots,
which are important for the emerging field of valleytronics. We consider a four-

state Hamiltonian for a silicon orbital-valley DQD. We discuss how to prepare
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the DQD states for low-frequency LZSM spectroscopy by dressing them with a
resonant signal. The dressing allows to reduce the four-level system to a two-level
one. This allows to adopt the formulas of the LZSM interferometry for the two-
level quantum systems. We discuss the interference fringes obtained, and analyze
the shape of the resonant lines. For a dressed four-level system, they have a harp-
shaped form. We also analyze a particular case with a symmetric Hamiltonian.

The chapter 4 is devoted to the description of the quantum multi-level systems
with the Lindblad master equation, the adiabatic-impulse model, and the rate
equation approach.

Strong driving of a multi-level quantum system allows to both characterize
and control its state. We study a strongly driven dissipative four-level DQD. We
obnain its Hamiltomian and solve the Lindblad master equation. It is demonstrated
that this system works as a four-in-one device with the following features: LZSM
interferometer; quantum-enhanced capacitor, microwave detector, and which-
way interferometer. In other words, there are four different LZSM regimes:
multi-passage, single-passage, double-passage, and incoherent one. We calculated
occupation probabilities of each system’s state as functions of time for all
operation regimes. The gained results provide useful insights about controlling,
characterizing, and initializing the multi-level quantum systems states.

We also describe how to use the adiabatic-impulse model and the rate equation
approach for description of quantum multilevel systems. The adiabatic-impulse
model can describe the dynamics of multilevel quantum systems with LZSM
crossings without relaxation. The rate equation approach can describe quantum
multilevel systems with the energy relaxation. By combination of the adiabatic-
impulse model and the rate equation approach it is possible in some cases to
describe the dynamics of multilevel quantum systems with energy relaxation and
LZSM crossings.

We calculate the dynamics (the dependence of the adiabatic energy-level
occupations on time, or, in this case on the external magnetic flux) of the detector
of microwave photons, based on the flux qubit for the reset stage of the detector.
The obtained dynamics is in a sufficiently good agreement (excluding the vicinities
of the anticrossing points) with the results obtained by numerically solving of the

Lindblad master equation.
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The results of this work have value both for applications, for the development
and creation of new devices for quantum computing, and fundamental value for
the development of understanding of the physical behavior of complex quantum
systems. Thus, the proposed methods for implementing quantum logic gates can
be directly used to set up new experiments. The mechanisms and approaches
developed in this work, after some supplementation with experimental techniques,
can be directly applied to perform quantum logic gates on certain types of
implementations of quantum computers. The demonstrated method of applying
the LZSM interferometry to dressed quantum multilevel systems can be used to
determine a number of parameters of a quantum system based on its experimental
LZSM interferograms, i.e., for spectroscopy of this system. The demonstrated
method of applying the adiabatic-impulse model with the rate equation formalism
under certain conditions can be used to determine the parameters at the reset
stage of the microwave photon detector based on a flux qubit. The constructed
description and method of calculating the dynamics of a double quantum dot by
solving the Lindblad master equation can be used to describe and better understand
any similar open quantum multilevel systems.

Keywords: Qubit, two-level system, quantum interference, Landau-Zener-
Stiickelberg-Majorana  interferometry, = Landau-Zener-Stiickelberg-Majorana
transition, quantum transitions, non-adiabatic transition, transfer matrix, adiabatic-
pulse model, quantum logic operation, superconductivity, superfluidity, spin,

density matrix, quantum system dynamics.
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