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3AT'AJIBHA XAPAKTEPUCTHUKA POBOTH

AKTyaJbHicTb TeMH. bo3e-koHIeHcalllsi € YHIKQIbHUM SIBHUIIEM, 3JaTHUM
JE€MOHCTPYBaTH KBaHTOBI €(pEKTH Ha MaKpocKomiuHOMYy piBHi. Cepen Takux MpOsBIB
MO’KHA BUJUIUTH aTOMHY 1HTepEpPEHLil0, HAAMUIMHHICT, TYHEIOBaHHs pe4oBUHU bo3e-
Eitnmreitniseboro konaencary (BEK) kpi3bp norenmianbamii 6ap’ep. Okpim 6e3repedHoro
(hyHIaMEHTAIBHOTO 1HTEPECY A0 MAKPOCKOIIYHUX KBAaHTOBUX CHCTEM, BCl IIi BIACTHUBOCTI
J03BOJISIIOTh  CTBOPIOBAaTH HAAYYTJIWMBI BUMIPIOBAIbHI TMpwiaad Ha ocHoBl bo3e-
KOHJICHCATIB, BKJIIOYAIOYM aTOMAapHUN aHaJIor HaAnpoBigHux iHTepdepomerpiB (SQUID)
Ta aTOMHI «piBHI», LI0 JO3BOJISIIOTH BHUMIPIOBATH MPUCKOPEHHS 3 HAJA3BUYAWHOIO
TOYHICTIO.

B ocranni wacu Bce OUIBII JOCTYTHUMH CTalOTh €KCIepuMeHTH 3 bose-
ENHIITEHHIBCBKUMHM KOHJIEHCAaTaMH, TaKUM YWHOM BHHHUKAa€e Bce Oulblia mnotpeda B
iXHbOMY TEOPETUYHOMY OMHCI. 30KpeMa, KOPUCHUM € TEOPETUYHE JOCIIHKEHHS CTIMKOCTI
TaKMX HEMHIMHUX CTPYKTYp, SK MPOCTOPOBI CONITOHM Ta BUXOpHU. IIpocTi TeopeTnuHi
MOJIeNII JAal0Th J100pe Y3TO/DKEHHS 3 EKCHEPUMEHTAIbHUMH JaHUMHU 1 BiIKPUBAIOThH
MO>KJIUBOCTI JIJISl TOCIIJIKEHHS SIBUIII, IPOCTOPOBO-YACOBI MACIITA0M SKUX JIEKATh JAIEKO
3a M@XaMHU PO3JUIbHOI 37aTHOCTI Cy4YaCHHMX EKCIIEPUMEHTAJIbHUX MpUiIajiiB. 30Kpema, B
JTUCEpTaliHIil poOOTI TMPOBEACHWM aHali3 CTIMKOCTI  COJITOH-COJITOHHHX Tap,
JOCIIKEHI YMOBH ICHYBaHHSI KBaHTOBUX BHXOPIB, B TOMY YHCI1 0araTOKOMIIOHEHTHUX
KOHJICHCATaX.

3aBOsSKM TOMY, LIO B HaOJIMKEHHI cepeaHboro mnois bo3e-koHaeHcaT MOXHa
OTMCaTH 3a JOMOMOror piBHAHHS ['poca-IliTaeBchKOro, 10 € y3araJlbHEHHSM BiJOMOTO
HemiHiiHOTO piBHsHHA Llphoginrepa, pe3ynbTaT AUCEPTAIIHOI POOOTH MOXYTh OyTH
BHKOPHUCTaHI B 1HIIUX 00JIACTSIX HENNHINHOT HayKH, TIPH JOCIIKEHHI TaKUX CEPEIOBHIII,
SK HEJNHIIHI ONTUYHI cepeoBUIla abo TIa3Mma.

3B’A30K po00TH 3 HAYKOBMMM NporpamMamMm, IJiaHaMu, TeMaMu. [/[ucepTtariiiina
poOoTa BHUKOHYyBajacsi 3TiTHO 3 HAyKOBO-AOCHITHUMHU TeMaMH (PI3UYHOTO (HaKyIbTETy
KuiBcbkoro  HamioHanbHOro  yHiBepcutery iMmeHi Tapaca  IlleBuenka: Tema
Ne 16bD051-05 «locmimxeHns pyHIaMEHTATBHUX MPo0sieM (i3uKH sapa, eIeMEHTAPHUX
YaCTUHOK Ta KocMoMikpodizukuy»; Tema DD/ ©39.2 «Criiiki J0KaIi30BaHl CTPYKTYpH B
MYJBTHKOMIIOHEHTHUX HEJIHIHHUX cuctemMaxy (Ne mepxk. peectpariii 0111U008990).

Merta i 3apa4i 10CTiIKEHHS.

Metow gucepraiiifHoi poOOTH € BCTAHOBICHHA (I3UYHUX 3aKOHOMIPHOCTEH
dbopMyBaHHS CTIMKUX HENIHIMHUX CTpYKTyp y bo3ze-ElHIITEHHIBCbKMX KOHJEHCAaTax
aTOMAapHUX Ta3iB, BCTAHOBJICHHS BIUIMBY I[apaMeTpiB KOHJEHCATy Ta KOHpIrypari
30BHIIIHIX €JIEKTPOMArHITHUX TOJIIB HA IXHIO CTIMKICTb.

JInst JOCSTHEHHS MOCTaBJICHOI METH HE0OX1/THO OYyJI0 BUPIIIUTH TaKl 3a/1aui:

e JlocniauTy CONTOHHI PO3B’S3KU JBOBUMIPHOI CHCTEMHU PiBHSHB [ 'poca-IliTaeBchkoro
3 aKClaJbHO-CUMETPUYHOIO TapMOHIMHOIO MacTKOI0 B SKOCTI yTPUMYIOUOTO
MOTEHITIATY y BUMAAKY MPUTATAIHLHOT B3a€EMOJIT MK YaCTHHKAMU OJHOTO COPTY Ta
PI3HUMH BapiaHTaMH MI>KKOMIIOHEHTHOI B3a€MO/III.
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e [IpoanamizyBaTh  yMOBM  ICHYBaHHA  HAJIUIMHHOTO  TOTOKY,  YTBOPEHOIO
JBOKOMIIOHEHTHUM CIIHOPHUM bo3e-KOoHIeHCAaTOM Yy TOpOilajibHii ONTHYHIN MacTI
JUIA PI3HUX 3HA4YCHb CITIBBIHOIICHHS HACEIIEHOCTEeH A BUMAAKY PI3HUX HAOOPIB
CIIHOBHX MPOEKIIA KOMITOHEHT.

e 3HaliTH YMOBHM, 3a SKHUX BIIOYBa€TbCcsl YTBOPEHHS HAAIUIMHHUX TOTOKIB Yy
TopoiganbHux bo3e-koHaeHcaTax aTOMapHHX Ta3iB.

e [lpoBecTu KITBKICHMI aHami3 BEJIWYMHHM EHEPIeTUYHOro Oap’epy, HEOOXiIHOI
JUISL  TIEPEXOJ[IB  MDK METacTaOUThHUMH CTaHaMH B CHUCTEMI TOPOIZAIBHOTO
KOHJICHCATY.

O0’eKTOM JOCITIKEHHS € HEeMiHINHI XBHIIbOB1 CTPYKTYpH B bose-ElmTeiiHiBChbKUX
KOHJICHCAaTax aTOMapHUX Ta3iB.

IIpenmeTroM NOCHKEHHS € JUHAMIYHI BJIACTHBOCTI KOT€PEHTHHX CTPYKTYp B
bo3e-koHneHcaTax Ta iXHs CTIMKICTb.

MeToau [ocChaigikeHHsi: BapilallifHUN METOJ HAOJIMKEHOTO 3HAXOJKCHHS
CTalllOHAPHUX PO3B’sA3KIB, JiHIHHUNA aHami3 boromoOoBa-ge JKeHa, yucenabHI METOIU
PO3B’SI3KIB CTalllOHApHUX KpaoBux 3amady (meton IlerBiamBum Ta Meron HeroTona-
Padcona), uucenbHMII METOJ I1HTPErpyBaHHs HENIHIMHUX AUQPEPEHIINHUX pIBHSIHL B
YaCTUHHHUX TMOXITHUX 3 PO3LICIUICHHSAM KpokoM (Tak 3BaHuid split-Step Fourier
transform).

HaykoBa HOBU3HA 0O/Iep:KAHUX Pe3yJabTaTiB
e Brnepme Oyno BCTaHOBJIEHO, 10 TAPMOHIMHUN YTPUMYIOUMI MOTEHIIan cTabii3ye

COJIITOH-COJIITOHHI mapu B bo3e-koHAeHCATI 3 NPUTATAIBLHOI MIXKKOMIIOHEHTHOIO
B3a€EMOJII€I0 Ta 3HAWJEHO O0OJACTh ICHYBaHHS TaKWX Iap B MPOCTOPI XIMIYHUX
MOTEHITIaTIB.

e 3HaliIcHO KpUTUYHE 3HAYCHHS CIIBBIJHOLICHHS HACEJIEHOCTEH KOMIIOHEHT Y
cniHopanx boze-koHpeHcaTtax, 3a sKOi BiIOYBa€ThCS PYWHYBAaHHS HAAIUIMHHOTO
OTOKY PEYOBUHHU.

e [lokazano, 110 XapakTep Ta TPUBAIICTh €BOJIOLIT JBOKOMIIOHEHTHHUX CIIHOPHUX bo3e-
KOHJICHCATIB 3aJIe’KaTh BiJl 3HAUCHHSI CIIIHOBHUX MPOEKII KOMITOHEHT.

e BcraHoBieHO, IO MIBUAKICTh PYXy IMEPEMINIYIOYOro ITydka BHU3HAYA€ MEXaHI3M
YTBOPEHHSI HAAIUNTMHHOTO MOTOKY PEYOBUMHU y TOpoigaibHuX bo3ze-ENHIITETHIBCHKUX
KOHJICHCATaX.

e Brepuie BU3HaY€HO 3aJI€KHICTh BUCOTH MOTEHILIAIIBHOTO O0ap’epy MK HEPYXOMHM Ta
o0epTalbHUM CTaHaMH TOpoinanbHOTO bo3e-koHmeHcaTy Big dYacToTh oOepTaHHS
IIMPOKOTO ONTHUYHOTO MEPEMIIITYIOUOTO IMydKa.

e Po3paxoBaHO Yac CTOXaCTHYHOTO MEPEXOy MK HEPYXOMHUM Ta 00€pTAIILHUM CTaHOM
TopoimansHOTo bo3e-KoHaeH caTy pu pi3HUX TeMIlepaTypax.

IIpakTH4He 3HAYeHHS OJep:KaHUuX pe3ybTaTiB. OTpuMaHi B poOOTI pe3ynbTaTH
CIIPUSIOTH OUTBII IIMPOKOMY PO3YMIHHIO TMpoleciB (GOpMyBaHHS Ta €BOJIOIIT CTIMKUX
HEJHINHUX CTPYKTYp B bo3e-koHaeHcarax aToMapHux rasiB. Bukopucrana teopeTryHa
MOJIeTIb JT03BOJIMJIA TIOSCHUTH PE3YyJIbTaTH €KCIIEPUMEHTIB 3 HAAIUIMHHUMH TOTOKaMH B
topoinaibHuX bo3e-koHaeHcaTax. TeopeTtwuHi mnepeadadeHHss oOJacTe CTIMKOCTI
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COJIITOH-COJIITOHHUX Map MOXYTh OYTM BHUKOPHUCTAaHI JJIi CTBOPEHHS HAIYyTIMBHUX
BUMIPIOBAJIBHUX MPUIIA/IIB, TAKUX K «aTOMHUN PIBEHDBY.

OcoOucTHii BHecok 3100yBaya. ¥Yci BHUKIQJACHI B JucepTallii OpUTiHAIBHI
pe3yibTaT OTPUMaHI aBTOPOM JAucepraiii ocoOucro. JlucepraHTka MpoOBOIUIA
aHAJIITUYHI Ta YHCENIbHI PO3paxyHKH, JaBajla I1HTEPIpETAIlil0 pe3yabTaTiB. ABTOD
aQHAJIITUYHO Ta YHCEJIbHO JOCIKyBaJia CTIHKICTh COJIHTOH-COJITOHHUX TIap Ta
po3paxoByBaja 00JaCTh CTIHKOCTI B TPOCTOPI XIMIYHUX IOTEHIiaiB y poboti [1],
npuiiMana ydacTh y BHOOpI MOJeni Ta poOmiia YMCENbHI PO3paxXyHKU Ml 3HAXOKEHHS
KPUTUYHOTO 3HAYCHHS CITIBBIIHOIIICHHS HACEIIEHOCTEH KOMIIOHEHT y CIHOpHUX bo3se-
KOHJCHCATax, JaBaja SKICHY IHTEPIpPETallil0 MEXaHi3MIB pPyHHYBaHHS HAIIUIMHHOTO
IOTOKY JUIS PI3HUX HAOOpPIB CIHOBUX KOMIIOHEHT Yy pobortax [2, 3], uucenbHO
JOCIIKyBaJla YMOBHM Te€Hepallii BUXOPIB 3a JOMOMOIOI0 BY3bKOIO JIa3€pHOTO Iy4yKa B
poborax [4, 5]. ¥ pobori [6] 3n100yBau mpuiiMana y4acTh y po3poOIll aJrOPUTMIB JIJIst
aHaI3y €HEePreTHUYHOl MOBEPXHI Ta 3/1HCHIOBAJIa BIAMOBIIHI pPO3paxyHKH, 0OUMCITIOBAIA
4ac mepexoly MK CTaHaMH.

AnpobGaunia pe3yabtariB aucepramii. OCHOBHI pe3yinbTatd poOOTH Oyiu
npejacTaBieHl Ha KoH(pepeHuisix Tta ceminapax Conference of Young Scientists Modern
Problems of Theoretical Physics, 21-23 rpyaust 2011 p., Kuis, Conference on Problems of
Theoretical Physics, 8-11 xoetas 2012 p., Kuis, IV Conference of Young Scientists
Modern Problems of Theoretical Physics, 23-26 sxostas 2012 p., KuiB, VI Young
Scientists Conference Problems of Theoretical Physics, 24-27 rpyaus 2013 p., Kuis ta Ha
MibKHapoaHii 1Ko Summer School on Quantum Many-Body Physics of Ultra-Cold
Atoms and Molecules, 2-13 mumus 2012 p., Trieste, Italy. PesymbraTté Takox Oyiu
MPEACTABICHI HAa CEeMiHapl BULIUTY TeOpli HENIHIMHUX MpOIECIB y KOHAEHCOBAHMX
cepenoBuiax Iucruryty teopermuynoi ¢gizuku iM. M.M. Bboromo6oBa HAH VYkpainu
19 uepBua 2017 poky.

IMyoaikauii OcHOBHI pe3ynbTatu Aucepralii Oyno omy0iKoBaHO B 6 CTaTTAX Y
npoBiAHUX (axoBux kypHamax [1-6]. OTpumaHi pe3yabTaTh TaKOX BHCBITICHO B
oIyOJIIKOBaHUX MaTepiajgax HayKOBUX KoH(pepeHmii [7—11].

Crpykrypa Ta obcsar auceprauii /[uceprariiiina po6oTa CKIaIa€eThCs 31 BCTYIY,
I’SITU PO3JUTIB, CIUCKY BUKOPUCTAHUX JDKEpEN, M0 MICTUTh 79 HaliMeHyBaHHs. PoOota
HamnucaHa Ha 147 cTopiHKax TEKCTy, BKIItoYae 39 pUCYHKIB.

OCHOBHUM 3MICT

Y 6cmyni oOrpyHTOBaHA aKTyalbHICTH OOpaHOi TeMu, cHOPMYITHOBAHI METa Ta 3a/1adi
JOCITIKEHHS, TIOKa3aHa HAyKoBa Ta MPaKTHYHA IIHHICTh OTPUMAHUX PE3YNIbTATIB 1
KOPOTKO BHKJIQJICHO 3MICT po3auTiB aucepraiii. [IpencraBnena indopmailisi mpo 3B'I30K
poOOTH 13 HAYKOBUMH IpOTrpaMaMy Ta TEMaMH, a TaKOXX NpO ampoOaliio pe3ysbTaTiB
poboTu. OnucaHo ocoOUCTUI BHECOK JIMCEpTaHTa B MyOJIiKallisX 13 CIIBaBTOpaMHu.

Y nepwomy po3oini wnHaBeneHi 3arayibHi BIZOMOCTI mpo bo3e-kKoHaeHcaTH
aTOMapHUX Tra3iB, METOAM IXHbOTO OTPHUMAHHS, NpPaKTU4YHA WIHHICTH. [IpencraBneHuit
BUBIJ PIBHSIHbB, III0 BUKOPUCTOBYIOTHCS IS OMKCY JJAHUX CHUCTEM Ta PO3TJISHYTI BUMAIAKU
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pI3HUX THUIIIB CHMETPIM 30BHIIIHLOTO MOTeHIany. HaBejeHi BiJOMOCTI MpO CIIHOPHI
boze-konaencaru. Onucana MOAeNb MUCUTAI], IO OyJia BUKOpUCTaHA IJI BPaxXyBaHHS
CKIHUEHOI TeMIlepaTypu MAOCHiKyBaHUX cucteM. Omnucani HAOMMKEHI Ta YMCENbHI
METOJY, W0 BUKOPUCTOBYBAIWCS JJIsi PO3PAaXyHKiB, TMPOBEACHWX B paMKaxX JaHOI
JUCepTaIiitHOi poOOTI.

Y opyzomy po3odini nocnimKyeThCs CTIMKICTh BEKTOPHHX COJITOHIB B bo3se-
KOHJICHCATI, 10 YTPUMYEThCS B TapMoHiuHiH mactmi. [llupoko BimomMo, 10 CBITII
JBOBUMIpHI Ta TPUBUMIPHI COJITOHH, IO OMHUCYIOTHCS piBHSAHHAM ['poca-IliTaeBchkoro 3
MPUTATAIBHOI0 HEMHINHICTIO, € HECTaOUTbHUMH Ta MOXXYTh KOJIAIICYBAaTH IPOTATOM
cKiHueHoro 4acy. Lleii komamc HacTae, SIKIO YHUCIO aTOMIB B KOHJIGHCATI IMEPEBUIIYE
NeBHE KpUTHYHE 3Ha4yeHHs. Sk me Oyno mokaszano B momepenHix podorax (Yakimenko,
2010), iHIIMM TPUKIAJIOM HECTIMKMX CHCTEM € COJIITOH-COJIITOHHI Mapw 3a BiJICYTHOCTI
JTHIAHOTO MOTEHIliaTy. 3 1HIIOT TOYKH 30py, MOKHA OYIKYyBaTH TOTO, 110 TIPH JIOJAaBaHHI
30BHIIIHBOIO YTPUMYIOYOr0 NOTEHIiany (pyHIaMEHTajdbHI BEKTOPHI COJITOHH 3MOXYTh
OyTH cTablIbHUMU.

Cucrema 3 nBox bo3e-koHAeHCATiB B TapMOHIYHOMY MOTEHLIal MOXE OyTu
onrcaHa HACTYITHUMH PiBHSIHHIMHU:

W, (Ft) -~ ) ] )
LD (B 4+ g G OP + gl G OGO
M, (F ) ) ] ]
hza—t = [Hz + gzllqjl {:TJ t]lz + gzz |1‘P2 (T, E]'z]‘-Pz {:‘}"’t)’ (2)
ne H =-h?/(2m)-V>+V,(#), m, wMaca artomiB y j-iii KoMIIOHeHTi,
I{r‘(f'] = mjmi(xz +y?)/2+ mjmgzz /2 aKCiaJbHO-CUMETPUIHHIH rapMOHIYHUIA

30BHIIIHIM  YyTpUMYIOUMI TOTeHIial. B3aemomiss MK aroMamMu OJHOTO COPTY
XapaKTepu3yeThesi KoediuieHToM 3B’s3ky g,; = 4mh’a;;/m;, ne a;; — NOBXHUHA
PO3CISIHHSL S-XBWJII JJI1 JABOYACTMHKOBUX MIDKAaTOMHHUX 3ITKHEHb. KoediieHT 3B’s3Ky
Mi>KKOMIIOHEHTHOI B3aeMOJii g, = g1 = 2mwh*ay,/m,, ne m,=mym,/(m; + m,)
3BelieHa Maca. B momambmiomy posrisgaBcs cuMerpuyHuii Bumamok: M = M; = M,
Ta 0 = gi5 = fg,1, IO BIANOBIIa€ YaCTHHKAM OJIHOTO COPTY B PI3HUX CIIIHOBUX
cTaHax. BBaxkaTMMeMO TakoX, 10 @, >> ), Ta HEJNIHIHHA B3aEMOJIA € CJIa0KOIo
MOPIBHSHO 3 OOMEXKEHHSIM B TIOB3/IOBXKHOMY HAIpPsIMKY, TOMY B3JIOBX BiCi Z KOHJIEHCAT
nepebyBae B OCHOBHOMY CTaHI ocuuisiTopHoro mnoteHmiany. Tomi bose-konmencar e
IUCKONOA10HUM (KBa31JBOBUMIPHUM) Ta PIBHAHHS MOXYTb OyTH 3B€II€HI 10 IBOBUMIPHOI
bopmu.

3aranpHl BJIACTUBOCTI TAKUX CUCTEM OYJIM AOCHIDKEHI B JAHMCEpTaliiHIi poOOTI 3a
JOTIOMOT'OI0 BapiallifHOTO aHaji3y Ta YUCEIbHOrO MojeNtoBaHHSA. bynu 3HaiieHi yMoBU
ICHYBaHHsSI Ta CTaOUIBHOCTI XBHWJIOBUX COJIITOHIB, fIKI € HAMHIWKYMMH 32 EHEPri€lo
CTalllOHApHUMH pO3B’si3kamMu piBHsAHHA ['poca-IliTaeBcbkoro. Posrisganucs BuMaaku
MPUTATAIBHOI Ta BIAIITOBXYBaJIbHOI B3a€EMO/IIi MI>)K aTOMaMU Pi13HUX THITIB.
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CrartioHapHi COJITOHHI pO3B’SI3KA MalOTh HACTYITHUN BUTJIS/L;
F v _ i 't
q{r'ExJ ¥, t) - w_lr {:T']E" i ’ (3)

. I v L : o
ne j=1L12, r=x*+y? u; XiMmiuHi mnoTeHmianm, a giiicEi Qynkmii P, (r)
3a/I0BOJIBHAIOTH CUCTEMI O€3PO3MIpPHHX PIBHSHB:

1
wy + YT Y Yy [} +ov3 Jy; =0, )

be3posmipHi piBHAHHS OyJd OTpUMaHl MUIAXOM II€peXoay JO OJUHHIIh

ocruIsTopHuX AoBxuH: (X, V) = (x,¥)/1l,, nel, = ./i/(Mw,) Ta MacmtabyBaHHs Yacy
t—=t/t, ne T=2/w,. Jlng ¢ikcOBaHOI CHIM KpPOC-B3a€EMOAII O MH OTPHUMAEMO
JBOTIapaMETPUUYHYy CIM’I0 (3 TIapaMeTpaMu [4; Ta H;) BEKTOPHUX COJITOHHUX PO3’BS3KIB.
Byno mokazaHo, 110 y BHUMAAKY MPUTATAIBLHOI MIXXKOMIIOHEHTHOI B3a€MOJIi BEKTOpPHI
COJIITOHU 3aBX]IU € CTIHKUMH.

Jlns BiAIITOBXYBaJlbHOI MIKKOMITOHCHTHOI B3a€MOJIii OyJ0 BHUSBJICHO JCKLJIbKa
MEXaHI3MIB BTpPaTU CTaOUIBHOCTI COJITOH-COJITOHHMX IMap: paaialibHO-CUMETPUYHHIMA
KOJIaIlc, MPOCTOPOBUM PO3/IIJT KOMIIOHEHT Ta (piaMeHTarlisl KUIbIenoi0HOT KOMIIOHEHTH.
byno Bu3HaueHO, M0 HASBHICTH KOJIATICY KOMITOHEHTH BU3HAYAETHCS YHCIOM aTOMIB Y
HIi: SKIIIO YKCIIO YaCTUHOK OlNIbIlIe 32 KPUTUYHE, BiI0yBaeThes Komarc. Po3ainenus ¢gas B
JTBOKOMITIOHEHTHOMY bo3e-koHaeHcaTi Ta po3mnaja KiIbIEnoAi0HOro COMITOHY 3B’si3aHl 3
a3UMYTAIBHOI HECTAOUIBHICTIO Ta OyJIM JTOCTIKEHI 3a JIOMOMOIOK0 JIIHIMHOTO aHami3y
Bboroso0oga.

bynu Bu3zHaveHi o0nacTi CTaOUIBLHOCTI COJITOH-COMITOHHUX map (puc. 1). Takum
9UHOM, OyJI0 MOBEAEHO, M0 JOJaBaHHS YTPUMYIOYOTO TapMOHIYHOTO TMOTCHIIATY
cTab11i3y€e BEKTOPHI COMTOHM B bo3e-ENHITEHHIBCEKMX KOHACHCATAX.

o=—2.0

Puc. 1. OGnacti crabigpHoCcTi Ha ({1, M, )-momuni (3adapOoBaHni), mo Oyim
OTpUMaHi 3a JOIIOMOTOI0 YUCenbHOro Moaemosanns: (a) ¢ = —0.5, (b) 0 = —2.0

Bynu Bu3HaYeHi 00jacTi cTabiIbHOCTI COMiTOH-comToHHMX map (puc. 1). Takum
YUHOM, OyJI0 JOBEIEHO, M0 JOJaBaHHS YTPUMYKOYOTO TapMOHIYHOTO TMOTCHIIATy
cTabini3ye BeKTOpHI coniToHu B bo3e-EiHIITeHIBCHKIX KOHIEHCATaX.
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Y mpemvomy po3oini nocmipKyeTbes CTIMKICTh  HAAIUIMHHOTO TOTOKY B
criiHopHOMY bo3e-koHaeHcaTi B TopoinaibHIi nacTii. HaanmimHaHi moTOKH, a00 «IOTOKHU
0e3 TepTsS» € MPOSBOM HAJAIUIMHHOCTI Ta BUBYAJIUCS B PIAKOMY Trefiii MPOTITOM KUIBKOX
NeCATWIITh. Taki TIOTOKM MOXYTh TaKOX BHHUKAaTH B boze-EMHIITEHHIBCHKIX
KoHAeHcaTax. Hampuknan, 3amada mnpo OaraTo3apsaHi HaIIUIMHHI TOTOKH Oyra
peaizoBaHa eKCIIEPUMEHTAILHO JUIS Ta3iB, yTBOpeHux 3 5'RD B pisHuX CHiHOBUX cTaHax,
y TopoimanpHux mactkax (Beattie, 2013). bymo 3HaiimeHo, IO iCHYyE KpUTHYHE
CHIBBITHOIIEHHSI MK YMCJIOM YacTHMHOK y KOMIIOHEHTaX, BHIIE SKOTO OaraTo3apsIHuil
HAATUIMHHUMA TIOTIK MOXE 3QJIUIIATUCS CTIMKUM MPOTATOM KUTbKOX XBUJIMH. Hibkue nporo
BIJTHOIICHHS] HAATUIMHHUMA MOTIK PYHHYETHCS MPOTITOM KUIBKOX CeKyH. st Toro, mo06
onmucaTh I1Ed eKCIIEpUMEHT, HaAIUIMHHUN TMOTIK aToMapHoro croiHopHoro bo3e-
KOHJICHCATy, 10 OyB MOMIIIEHWH B ONTUYHY MACTKY KIJIbIENOI0HOI reoMerpii, OyB
JAOCTIKEHUH 3 BUKOPUCTAHHSM MIAXO0AY CEPEIHBOTO MO 13 I0AaBaHHAM JUCHIIAILI].

JIBOKOMIIOHEHTHUI KOHJEHCAaT OyB 3MOJEIhOBAaHUM B yMOBaX, HAOJIMKEHHX J10
EKCIIEpUMEHTAJIbHUX. 30Kpema, Oyja BpaxoBaHAa EKCIOHEHI[IHA 3aJIeKHICTh YHCIIa
YaCTMHOK BIJ yacy, fika 3a0ecredyBajiacsi LUISXOM 3MIHM XIMIYHOTO MOTEHIaly Ha
KO>KHOMY KpOIIi.

st TOpIBHSIHHA 3 €KCIepUMEHTOM Oyina MmoOyJoBaHA 3aleKHICTh MOMEHTY
IMITyJIbCY ~HAa  YAaCTMHKY B  3@JIEXKHOCTI  BIl 4Yacy Ta  CHIBBIHOLICHHSM
P, = (N, —Ny)/(N, + N;) mix umciom aromiB y kommoHenTax (puc. 2). B pamkax
bOro MiAXOAy Oyyia JIOCATHEHA SIKICHA BIJMOBIHICTh pe3yJibTaTaM EKCIEPUMEHTY.
3okpeMa, y BUMNAAKy 3HAUYCHHS MUCOAlaHCy MiX YKMCJIOM aTOMIB, BUIIIOTO 3a KPUTHUYHE,
CIIOCTepiraBcs CTaOUIbHUM HAAIIMHHUM TOTIK. Humkde 1€l rpaHuii MyiabTH3apsaHI
HAJIUTMHHI TIOTOKU PYWHYIOTHCS TUCKPETHUMH KPOKaMH, KOJIU s/Ipa BUXOPIB BUXOMIATH 3
IEHTPY KUIBIS Kpi3b JUHAMIYHO YTBOPEHI «CalOKl JIAaHKW» Yy Kuiblll KoHaeHcary. i
pEerioHU 3HMKEHOI TYCTUHM OJHI€T CIIIHOBOI KOMIIOHGHTH HAOBHIOIOTHCS aTOMaMH 1HIIIOT
KOMITOHEHTH TakuM YMHOM, BUXOPH MOXKYTh MOKUIATH KUIbLENOAIOHUI pEerioH BUCOKOI
I'YCTHHH, Ta, BPEILITI, pO3NaJaTUCs Ha eJIEeMEHTapH1 30ypeHHS.

LJ/N,

1 3
0.8

2
p 06

0.4 |
0.2

0 0

0 50 100 150

Time (s)
Puc. 2. Po3noais HOPMOBAaHOrO MOMEHTY IMITYJIbCY KOMIIOHEHTH 13 CIIIHOBOIO

MpoeKITi€ero +1 B 3aMeXHOCTI BiJ yacy (1o oci abCcIuc) Ta 3HaYeHHs CIiH-ToJspu3allii (1o
oci opauHaT). HopMoBaHUi1 MOMEHT IMITYJIbCY MO3HAYEHUH BIITIHKAMU CIPOTO KOJIBOPY
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LmtocTpaiiis npouecy pyiHyBaHHS HAAMIMHHOTO MOTOKY MTOKa3aHa Ha puc. 3.

(a)

IIH 0

t—13685 t=13.74 s t—1385 t=13.83 s

(b)

1 t=0.0s  2:t=13.8s  3:t=147s

Puc. 3. (a) — po3moaiiv TYCTHHH KOMITOHCHTH 13 CITIHOBOIO MPOEKITi€ro +1 y okoui
Mepexoy BiJ TPbOX3apsIHOTO J0 JBOX3apsSAHOrO0 BUXOpPY. Biii XpecTuku mo3HavyaroTh
noyioxkeHHs1 BuxpoBux sifep. (b) Po3moain ¢da3m ta ryctuHM B pi3HI MOMEHTH 4Yacy: Ha
MOYATKy €BOJIIOIIIT Ta B OKOJII MEPIIOro Ta JPYroro NpoKoB3yBaHHs (a3u JJii KOMIIOHEHTU
13 CIIHOBOIO Mpoekiliero +1. bil JiHiT BIAMOBIIAI0OTh 130J11HISIM T'YCTHHH, 0111 XPECTUKU —
MIOJIOKEHHS SIZIEP BUXOPIB

JInst MOpIBHSIHHSL OTPUMAHOTO PE3yJIbTAaTy 3 IHIIMM HaOOpOM CHIHOBUX MPOEKIII
OyJI0 TPeACTaBICHO JOCIIIPKEHHSI TBOKOMIIOHEHTHOI CUCTEMU 31 CIIIHOBUMH MPOCKIIISIMU
m, = *1. Binnosinui piBasuus I'poca-ITitaeBcbKoro MaroTh BUTIIAAL

oYy

i— ==L+ @+ v + (s — vz P Js ()

ne L = —(h%/2m) A 4V ().

B nucepramiitni poOoTi OyJi0 TOKa3aHO, 110 Ha BIIMIHY BiJ pe3yJbTaTiB i
CIIIHOBUX MPOEKITiH me = 0,1, Taki cucremu € yKe HECTaOLTLHUMH TIO BIJTHOIIEHHIO J10
MaJluX a3suMyTaJbHUX 30ypeHb HaBITh 3a BIACYTHOCTI AMCHUIALIli, 110 MPU3BOIUTH 10
IIBUJIKOTO YTBOPEHHSI CJIA0KUX JIAHOK B KUIbI KOHAEHcATy. Lls1 0coOMMBICTh TPU3BOAUTH
10 HaJA3BUYAMHOI HECTIMKOCTI HAAIUIMHHNAX MOTOKIB B JaHUX CUCTEMAaX.

Y uemeepmomy po3oini nocnipkeHi YMOBUM BUHMKHEHHS KBAaHTOBMX BHUXOpPIB B
bo3e-koHmeHCATI, 1O TMEPEeMIIIyeEThCSl BY3bKMM ONTHYHAM TYYKOM. Y TBOPCHHSI
KBAaHTOBUX BHUXOPIB Ta iXHS JWHAMIKa TICHO TOB’si3aHA 3 PyWHYBaHHSM HAIIUTMHHUX
MOTOKIB Ta TYpOYJICHTHICTIO B KBAHTOBUX PiAMHAX Ta arToMapHuX bo3e-ERHIITEHIBCHKUX
KOHJeHcaTax. HaanmmHHMiA NOTIK B TOPOiNadbHIN NacTIi MOKe OyTH YTBOPEHUH LUIIXOM
nepenavyl JUMCKPETHOI MOpIii MOMEHTY IMIYJbCY BiJ ONTHYHOTO MOJS ab0 HUIIXOM
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nepeMilllyBaHHS — BIAIITOBXYIOUMM Jla3epHUM IydykoMm. Jlpyra MoxumBicTh Oyna
pealli3oBaHa B €KCIIEPUMEHTI 3 BUXOpaMU B TOPOiNaibHIN MacTIi, 0 30ymaKyBanucs 3a
JIOTIOMOTOI0 Majioro (3 JiaMeTpoM, MEHIIMM 3a IIMPUHY KIJbI) MOTEHIIaJIbHUM
6ap’epoMm 31 3MIHHOIO BHCOTOIO 3 IIBUAKICTIO 0OEpTaHHS, 110 JIeXKala B MeKax MK HyJIEeM
Ta MBUAKICTIO 3BYKYy B KkoHaeHcari (Wright, 2013). YMoBu reHeparlii HaJITHHHOTO
NOTOKY OyfMu BH3HAYEHI EKCIIEPUMEHTAJbHO, MIKPOCKOMIYHUN MeEXaHi3M MpoIiecy
3aJTUIIABCS BIAKPUTHUM.

s Toro, moO 3pobuth 11e, OyB JOCIIDKCHHH MIKPOCKOTIYHUN MeEXaHi3M
30yKEHHS BUXOpIB Ta (OpMyBaHHS HAAIJIMHHOTO TOTOKY B KiiblienoaiOHomy bose-
EifHmnTeliHiBCbKOMY KOHJICHCATi, IO NEepeMilIyBaBCs BiJIITOBXYIOUMM ONTHYHUM
nyuykoM. JlucumatuBHa AWHAMIKa KOHJEHCATy 3 TMapaMeTpamH, IO BiI0OpaxaroTh
peaicTUYHI eKCIIEpUMEHTAIbHI YMOBH, OyJia JOCIHIPKEHAa B paMKaX JBOBUMIPHOI MO
CepeHbOTO TOJIS:

ZOO [+ g%, 00 - u]¥e,0), (6)

I—y)h

(t=y)h—0p

ne ¥ <1 ¢enomeHomoriunmii mapamerp JAHCHITALI], H=—-n? [2ZMA+V(r), A-
oneparop Jlamnaca, § = 4mwh*a,/M cuna B3aemonii, M maca aromiB, @, — JOBXKHHA
PO3CISIHHS S-XBWJIL. Y TPUMYIOUHI MOTEHLIAT

V(r) =V (r,2) + Vp(x,y, 1),
CKJIQJAEThCS 3 AKClaJIbHO-CUMETPUYHOI HE3aJIEKHOI1 BIJ 4acy TOPOIAaJbHOI MAaCTKU Ta
BIJIIITOBXYIOUOTO MOTEHI[IATy ONTHYHOTO MTy4Ka.

PanianbHO-cUMETpUYHI CTallloHapHI cTaHu TopoinansbHoro BEK, mo BianoBigawoTh
BUXOpaM 3 TOIOJIOTIYHUM 3apsaaoM M, Oyiu 3HaAlAEHI YHUCEIbHO 3a JOIMOMOTIOI0
IHTErpyBaHHS KOHCEPBAaTHUBHOTO cCTallioHapHoro piBHsSHHS ['poca-IlitaeBchkoro. Jlis
BU3HAYEHHS CTIMKOCTI BIJHOCHO a3WMyTaJIbHUX 30ypeHb OyB MNpOBEACHUMN JIHIHHUN
anayi3 boromo6oBa-ne XKena. s 115010 XBHIBOB1 (DYHKINT OyJIM MpeIcTaBICH] y BUTIISAII
Y(x,Y,1) = [ (1) + 8Y(7, o, 0)]e™™?, e 8P = u(r)e' 1 +v*(r)e "¢ 1a L
I[JTi HOMEPH a3uMyTajdbHUX MOJ. JliaHepu3yroun AuHaMidHe piBHAHHA (6) Oe3 aucumariii
(y = 0 and ¢ =const) Mu oTpuMyeMO 3aady Ha BJacHi 3Ha4YeHHsS 1 . B pesynbrari
JiHIMHOTO aHamizy OyJi0 BH3HAYEHO, IO JIiHIMHI BJIACHI MOJAM, IO BIAMOBIIAIOTH
KpUTHYHIN KyToBiil uactorti (1, = min{w(L)/L}, orpumaniii no ananorii 3 kpuTepiem
Jlannay, ToKaJ1i30BaH1 Ha 30BHIINIHIN TOBEPXHI KUJIBIIA.

besnocepenne MoneNtOBaHHS JUHAMIKM TOSCHUJIO MEXaHI3M BUHUKHEHHS
HAATUIMHHOTO TIOTOKY. [lapu BUXOp-aHTUBHUXOP BUHUKAIOTH OIS IIEHTPY MEpeMinryBada B
PEYOBHMHI KOHJIEHCATy ISl MOBUIBHOI IIBUAKOCTI OOEpTaHHS NEPEMIIIYIOuoro Iydka.
Konm xyToBa mBHIKICTH O6ap’epy MEepeBHIIy€e MEBHE KPUTHUHE 3HAYCHHS, PO3BUBAETHCS
30BHIIIHS MIOBEPXHEBA MOJIa, SIKa 3T0JIOM PO3MAAAETHCS HA BUXOPH, 1110 BXOAThH /IO KIJIBIIS
KoHJieHcaTy. KpuTuiHa yactoTa, OTprMaHa 3a JOTIOMOIO0 JIIHIMHOTO aHali3y, CliBHaua 3
IPaHUYHOIO YaCTOTOIO, IO PO3AUISIE IBA PEKUMHU (POPMYBaHHS HANIIIMHHOTO TTOTOKY.

3a 1OMOMOTOI0 Cepiil YNCeTbHUX EKCIIEPUMEHTIB OyJIM BU3HAUEHI YMOBHU CTBOPEHHS
BUXPOBUX 30y/)KeHb B TOPOiNaJbHOMY KOHJIEHCATI, IO MEPEMIIIYeThCSA. 3aJIeKHICTh
MOMEHTY IMIYJIbCY Ha YAaCTHHKY B 3aJI€KHOCTI B MapaMeTpiB MEPEeMIIIyIouoro mydka
nokazaHo Ha puc. 4. Pe3ynmpTaTH SKICHO Y3TOUKYIOTBCS 3 E€KCIIEPUMEHTAILHUMU
CIIOCTEPEKEHHSIMHU.
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Puc. 4. MoMmeHT iMIyJbCy, YUCJIO BUXOpIB Ta AHTHUBUXOPIB, PO3TAIIOBAHUX B
KiJbli, s QiHaapHOTO eTamy mporecy mepemimyBanus (f =1 ¢) mosnaueni 3a
JIOIIOMOTOI0 BIATIHKIB CipOro KOJbOPY SIK (QYHKIlS KyToBOI yacToTh {1 Ta iHTEHCHBHOCTI
nepemimytogoro norermiany Ug: (@) Moment immyibcy Ha atom L, /N. Yopni i3omiHii
siamosigarots L. /N = 1 (myukrupna ninis) ta L, /N = 0.02 (Toukosi xpuBi)

Y n’amomy po30ini npencTaBieHO METOJ BU3HAYEHHS BEJIMYMHU €HEPrE€TUYHOIO
0ap’epy, 110 BIIOKPEMIIIOE Pi3HI HAAIUIMHHI CTaHU B bo3e-koHAEHCATI 3 TOPOidaIbHOIO
TE€OMETPIE€I0, Ta MOPAXOBAHO Yac MEPEeXOoAy MK IUMHU cTaHamu. HasBHICTh HAJIUIMHHOTO
MOTOKY B HAJIIJIMHHIN P1AMHI OB’ s13aHa 3 ICHYBaHHIM CTIHKOTO KBAHTOBOTO BUXOPY, 1110 €
JIOKATI30BaHOI0 CUHTYJSIPHICTIO (Da3u 3 IUITMM YUCIOM HaMOTKH. OCKUIBKM HasiBHICTb
BUXOPY BcepeanHi peuoBUHU bo3e-KoHIeH ATy KOIITY€E €HEpPTii, B TOPOinaabHIA reoMeTpii
KUTBbIIE KOHJEHCATYy TIEPEIIKOKA€ BUXOPH BiJl BUXOY 3 IIEHTPAIBHOTO PETIOHY CHCTEMHU,
o0 CTabUli3ye HaBITh MYJIbTH3apSAAHI HAAIUIMHHI TOTOKW. TakuM 4YWHOM, CTaHU 3
HEHYJILOBUM HAJIIJIMHHUM MOTOKOM € METacTaOlIbHUMU cTaHaMmU. JIoKalibHI eHepreTuyHi
MIHIMYMH MOXYTh OyTH JOCHUTH JIETKO 3HAWJEHI — 11 MeTacTaOldbHI CTaHW 3 PI3HUMU
TOMOJIOTIYHUMH 3apsigamMu. OJHaK, 3HAYEHHS €HEPreTUYHOro Oap’epy, IO PO3AUILE IIi
MeTacTablIbHI CTaHW, B 3arajbHOMY HeEBigome. B manomy posnini OyB mIpelcTaBlICeHUN
METOJ JJisi 3HaXOJPKCHHsS €HEpPreTUYHoro Oap’epy MIDK MeTacTaOlIbHUMU CTaHaMU Ta
00paxoBaHM Yac Nepexoay MK HUMHU.

Jlnst nonaneIioro BpaxyBaHHs Temneparypaux (aykryaiiii BEK mae 6ytu onucano
3a JIONOMOTOK0 CTOXAaCTUYHOTO PiBHAHHS I'poca-IliTaeBCchKoro, 1o Moxe OyTH 3amucaHe B
0e3po3MipHii (opMi HACTYITHUM YUHOM:

du(r, t
(i— ?)% == [— %&+ V(r,t) + g[Y(r, ] —u+vQ, ﬁ@] Y@, o) +n(ro), (1)
ne 1n(r, t) BunmaaKoBuii KOMIUIEKCHHH IIyM, IO MiAKOPAETHCS 3aKOHy ['ayca, 3

(n(r,6)) =0, (8)
{n(r,t)n(x',t)) =0, (9)
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(n*(r, O, t))y = 2n, 6(t—t") 6(r—r'), (10)

ta Np=0 cmra mymy (mpu 7= 0 1mym BigcyrHiii, a pIiBHSHHS IOBHICTIO
nerepminictnune), A — omeparop Jlammaca, V(r,t) soBmimmiii morenmian, g crana
B3acMofii, M Ximiunmd mnorenman BEK, 4, =x0d, —yd, = [rXV],, aucunauis,
IpeJICTaBICHA TTapaMeTPOM ¥, CTBOPIOETHCS TCTUIOBOK XMapOl HEKOHACHCOBAHUX aTOMIB,
Ta JOJaHOK, Iponopuiknuii (1, BMHMKA€ BHACIIJOK NPUIYLIEHHS, IO TEIUIOBA XMapa
00€epTacTLCA 3 KyTOBOIO YaCTOTOHO {1,

30BHIIIHINA TOTEHITIA Ma€e PopMy:

V(r,t) =Vy(r,z) + UOW(r, ¢ — Ot,2), (11)

ne T, @, Ta Z — MWIHAPUYHI KOOPJAWHATH. 3OBHIMIHIA TOTEHINAN CKJIAJA€ThCs 3 JABOX
YACTHUH: HE3aJIe)KHOTO BiJl 4acy, IHBAP1aHTHOTO IO BITHOLIEHHIO 10 TOBOPOTIB MOTEHINATY
Ta MOTEHIATy 3 3aJI€KHOIO0 BiJ Yacy aMIUTITY/I0I0, IO 00E€PTAETHCS (MIEPEMIIITYE).

['onoBHa imest MeTOAy [Uisl OLIHKM EHEPreTUYHOro Oap’epy MDK pPI3HUMH
HAATUIMHHUME CTaHAMHU TOJIATAE B MapaMeTpu3allii XBIIIbOBOI (DYHKIIIT KOH/IEHCATY JIUIIE
JIBOMa MapaMeTpaMu, B SIKOCTI SIKMX Oynu oOpaHi KOOPAMHATH BUXOPY Ta aHTUBUXOPY.
Pyx nux tomnosoriyHux AedekTiB OyB HAOJMKEHO MPEACTABICHUIN MPAMOIO JIHIEIO, 1110
Hae udepe3 LEHTP SMH, YTBOPEHOI cia0korw JaHkorw. [IpoOHi xBuiboB1 GyHKIT Oynu
YTBOPEHI 3a JIOMIOMOTOI0 BJIPYKOBYBaHHSI BUXOPIB y Pi3HI MO3UIlT B (DOHOBY XBHIIbOBY
GbyHKIIIO:

;|

¥(x,y,2) =A‘P55(T)H mnh{%} emsi,

ne A — Hopmyroua crama, m oOyina BBeleHa Il 30€peXKEHHs 4YHCIa aToMiB, M
TOIOJIOTIYHMIA 3apsa [-0i BApyroBaHoi BHXOpoBoi HHUTKH (M; = +1 nmius BuxopiB Ta
m; = —1 nns anTMBHXOpPIB), Ta £ NOBXKKMHA 3arolOBaHHS B TOYI[ HAMOIIBIIOI T'YCTHHU Ha
HEeHTpajIbHIN JiHil caabkoi jganku (@ = 0, ¥ > 0). B sxocti GpoHOBOI XBHILOBOI (PyHKIIIT
BUKOPHUCTOBYBABCS CTAl[lOHAPHUM CTaH, OTPUMaHUW uyucenbHO. B TOM wac gk aH3all i3
BJIpYKOBaHUMH BUXOpaMH BifoOpaxkae Janekoirovy noeainky bose-EilHmTeHIBCbKOTO
KOHJIEHCAaTy, BIH HE MOX€E JJOCTATHRO JOOpE ONMMCcaTH KOPOTKOI0Ul Bapiallii (pa3u Ta ryCTHHU.
Tomy micist HbOro NpoOH1 XBUIIBOBI (PYHKIIIT M1IaBATUCS €BOJIIOLII B YSIBHOMY Yacl.

byno mokazano, 110 OCTaHHS MaHIMYJALIS 3MEHIIYE €HEpril0 CTaHiB, 110 MOXXHA
no6aunTu, nopiBHsABIIK puc. 5 (a) Ta (c). byno 3HalifeHO, 110 3HAYEHHS, SIKE€ ONUCAHUN
METOJ Jla€ JJisi KPUTHYHOI YacTOTH OOepTaHHsA, J0OpE Y3TOKYEThCA 31 3HAYCHHSMU,
OTPUMAaHUMH I1HIIUMH MeToaamu. /[l mepeBipkM KPUTUYHOI YaCTOTH OOepTaHHS
MEepPEeMINIYI0Uoro mydka Oyjia 3MOJE/bOBaHA JWHAMIKa CHUCTEMHU IJisi Pi3HUX 3HAYCHb
4acTOTH OOEPTaHHS 3a JOMOMOTO PO3B’ 3Ky piBHSAHHS (7) 13 HYJIHOBOK CHIIOKO IIyMY B
A1IICHOMY Ta B ySIBHOMY 4acl.

[IpencraBnennii aHammi3 TaKOX JO3BOJIAE 3HAUTH ONTHUMAIBHY TPAEKTOPIIO MIX
ctarioHapHuMH ctaHamu (puc. 5). L{i TpaekTopii, pa3oMm 13 y3araJbHEHUM BHPA30M THUITY
Appeniyca 1y MBHAKOCTI CTOXaCTUYHHMX MPOKOB3yBaHb (a3u, 1mo OyB BHUBEICHUU 3
piBasiHHS Dokepa-Ilnanka Ta Aesikux HaOIMKEHb, Oy BHUKOPHUCTAHI ISl 3HAXO/KCHHS
qacy Hepexoy.
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Puc. 5. 3anexHicTh eHeprii KOHJAEHCATY BiJ MOJOKEHb BAPYKOBAHUX BHUXOpPIB Ta
aaTuBuxopiB masa 1/(2m) = 2T (a) mns mMozeni 3 BAPYKOBAaHUMH BHXOpaMH, (C) IUIs
MOJiedl 3 BIPYKOBAaHMMH BHXOpaMH 3 eBojomielo B ysBHoMmy dacl. (b) Enepris B
sanexnocti Bifg £ = L, /N nis tpaekropiii HaHIIBUAIIOrO CIyCKy, IO HOYMHAIOTHCS 3
eHepreTuyHoro Oap’epy (TOOTO CiJIOBOI TOYKM) Ta 3aKiHIYIOTHCS B JIOKAIBHOMY
MiHIMYMi. 3IpOYKH BIJIMOBIJAIOTh TPAEKTOPISM, WIO0 CIYCKAIOTHCS JI0 JIOKAJIBHOTO
minimymy 3 £ =0 B Momem 3 BIPYKOBaHMMH BHMXOpaMH, KBaJpaTH BiINOBITaIOTH
TPACKTOPisiM, IO OIMYCKAaOThCS 0 JoKampHOTOo MiHiMymy 3 £ =1 B wmomem 3
BIPYKOBAaHUMHU BHUXOpaMH, Ta KPYKKH BIJNOBLIAIOTH TPAEKTOPIi, HIO CIYCKAETHCS [0
nokamsHOTO MiHiMymy 3 £ =0 B Mozmeni 3 BAPYKOBaHMMH BHXOpaMH, MOKpAIICHIH
€BOJIIOLIIEI0 B YSABHOMY 4aci. Tpaekropii mo3HayeHI TUMU CaMUMU MapKepaMu Ta
BIJINOBIJIHUX €HEPreTUYHUX MOBEPXHX (a) Ta (¢).

10° —=— 50nK
) —e— 100nK
10 - 4. 200nK

-y == Tph(200HK)

1,95 2,00 2,b5 2,10 2,15 2,20
O/(2m)(Hz)

Puc. 6. Yac mepexony sk (QyHKIlS 4aCTOTH MEPEMINIYIOUOTO Oap’epy IS pi3HUX
temneparyp. CylinbHa IiHiS Ta KBapaT Bimnosimarote temneparypi 1 = 50 K,
NyHKTHpHA JiHisS Ta Kpyxku Bignosimarore I = 100 HK, ToukoBa miHist Ta mOBepHYTI
BBepx TpUKyTHUKH Bigmosimarots 1 = 200nK. ToukoBo-nmyHKkTHpHA JIiHIsA Ta MOBEPHYTI
BHM3 TPUKYTHUKH BiJIMOBIAI0Th PEHOMEHOJIOTTYHIN OLIHIT
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3aNexHICTh Yacy IMepexoay BIJI 4acTOTH OOepTaHHs IMEepPeMIIIyIoUuoro Oap’epy

MoKa3aHo Ha puc. 6. JIusi MOPIBHSHHS MPEICTABICHA KPHBA, OTPUMAaHa 3a JOMOMOTO0
denomenonoriunoi Moneni T, = A,,exp(AE/T), ne AE B3a10 THM camuM, IO IS

IHIIMX TPHOX KPUBHX, & Ay, = 7.7 - 107>s. Byno moka3aHo, II0 J0JaBaHHs TEIJIOBOTO

IIyMy 3HIDKYE TPaHMIIO MK mepexonaMu. OaHak, KUIBKICHMM BHECOK CTOXaCTUYHHUX
NPOKOB3yBaHb (ha3u BHUSBUBCS HAJITO MajuM, 00 MOSCHUTU CYTTEBY PIZHUIIO MIXK
TEOPETUYHUMH Ta EKCIIEPUMEHTAIIbHUMH PE3yJIbTaTaMHu.

VY sucnoekax migcyMOBYIOTHCS OCHOBHI pe3yJIbTaTH POOOTH.

BUCHOBKHA

B nuceprariii BUBYaJIIMCh HEJIHINHI CTPYKTYpHU B po3pikeHux atromapHux BEK.

OcCHOBHI pe3yJIbTaTH JUCEPTAIITHOT pOOOTH MOJIATAIOTH Y HACTYITHOMY:

1.

Ha oCHOBI TEOpPETMYHOIrO aHaji3dy CTIMKOCTI COJITOH-COJITOHHUX TIap B
JTBOKOMITOHEHTHOMY  bo3e-koHaeHcaTi 3  NPUTATAIBLHOI0  MIXKKOMIIOHEHTHOIO
B3a€MOJII€I0 BCTAHOBJICHO, IO TAPMOHIWHUN YTPUMYIOUUH TOTEHIIAN CTallIi3ye
COJIITOH-COJIITOHHI TMapu Ta 3HaWJeHO O0OJacTh ICHYBaHHS TaKUX Map B MPOCTOPi
XIMIYHHX MTOTEHII1TIB.

[Ipu nocmikeHHI YMOB pyHMHYBaHHA HAAIUIMHHOTO TOTOKY B CHIHOpHUX bo3e-
KOHJIEHCaTaX, YTBOPEHUX 3 JIBOX KOMIIOHEHT 31 CIIHOBUMH IMpoekiiamu M = 0,1,
3HAMIEHO KPUTHYHE 3HAYEHHS CIIBBIJHOIICHHS HACEJIECHOCTEeW KOMITOHEHT, 3a SIKOl
MOTIK TOYUHAE PYWHYBATUCS.

[TopiBHSIHO YacoOBY €BOJIOIII0 JTBOKOMIIOHEHTHHUX KOHJEHCATIB, IO CKJIAJAlOThCA 3
KOMITOHEHT 31 cmiHoBUMU mpoekiismMu Ms = 0,1 Ta mf = + 1. [lokazano, mo BubGip
CIIHOBUX TMPOEKIIA TPU CTBOPEHHI JIBOKOMIIOHETHOTO CIIHOPHOTO KOHJEHCATY
BU3HAYa€ XapakTep CBOJIOMII: JOBrOTPHMBAJIa CTIMKICTh BIJHOCHO aKcCialbHO-
HECUMETPUYHNX 30ypeHb y TEpIIOMY BHUMNAAKy Ta IIBUAKE IXHE HAPOCTAaHHSI B
JIPYTOMY.

3HaliIcHO TpaHW4YHI 3HAYECHHS MapaMeTpiB BY3bKOI'O IMEPEMIIIYIOYOTrO ONTHUYHOTO
nmy4Ka, 3a SIKUX BiOYBAa€ThCs TeHepallis BUXOPIB y TOpoinansbHuX bo3e-koHaeHcaTax.
[IpoeMOHCTpOBaHO, 110, B 3aJEKHOCTI Bl IIBUAKOCTI pyXy Iy4yka, B Takid
CUCTEMI ICHY€ JiBa MPUHUMUIIOBO PIZHUX MEXaHI3MU YTBOPEHHS HAJIJIMHHOIO
MIOTOKY.

[[InsxoMm aHamizy EHEPreTHYHUX I[IOBEPXOHb Y TMPOCTOPI XBWJIBOBHX (PYHKITIN
3HAWJICHO 3aJICKHICTh BHUCOTH TMOTEHINIAIBHOTO Oap’e€py MK HEPYXOMHM Ta
o0epTaTbHUM CTaHOM TOpOimambHOrOo bo3e-KoHAeHcaTy Big YacTOTH OOEpTaHHS
HIMPOKOTO ONTUYHOIO TEPEMIINIYIOUOro Mydka. 3a JIOMOMOIOK MOJIeNll Ha OCHOBI
piBHsHHS Dokepa-Ilnanka BU3HAYEHO Yac MEPexoay MIXK IIMMHU JJBOMA CTaHAMHU.
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ABSTRACT

Isaieva K. O. Stable coherent structures in Bose-condensates of atomic gases. —
Manuscript.

Thesis for the Doctor of Philosophy degree (Candidate of sciense in Physics and
Mathematics) in speciality 01.04.02 — theoretical physics. — Bogolyubov Institute for
Theoretical Physics of National Academy of Sciences of Ukraine, Kyiv, 2017.

This thesis is devoted to the theoretical study of nonlinear structures in Bose-
Einstein condensates of atomic gases. Stability of such structures as spatial solitions and
guantum vortices was investigated.

As it is well known, bright two-dimensional and three-dimensional solitons,
described by a Gross-Pitaevskii equation with attractive nonlinearity, are unstable and may
collapse in a finite amount of time. This collapse appears in the case when number of
atoms in the condensate exceeds some critical value. As it was found in previous works,
another example of unstable system is soliton-soliton pairs without linear potential. From
another hand, it is reasonable to expect that a stabilization of fundamental vector solitons
could occur in an additional external trapping potential. General properties of the steady
states of such systems were investigated by means of a variational analysis and numerical
simulations. The conditions for the existence and stability of matter wave vector solitons
are revealed. It was shown that in case of attractive intercomponent interaction vector
solitons are always stable. For repulsive cross-interaction, it was found that there are
several mechanisms of losing stability of the vector solitons: radially-symmetric collapse,
space separation of the components and filamentation of the ring-shaped component. The
stability regions of the soliton-soliton pairs are determined. Thus, it was proved that the
addition of harmonic external trap stabilizes vector solitions in Bose-Einstein condensates.

Experimentally, problem of multicharged persistent currents has been addressed for
a toroidally trapped gas of 8’Rb atoms in two different spin states. It was found that there
Is a critical ratio between atoms number in the components, above which multicharged
supercurrent can persist for several minutes. Persistent current breaks in few seconds
below this ratio. In order to describe this experiment, the superflow of atomic spinor Bose-
Einstein condensates optically trapped in a ring-shaped geometry was investigated with
the use of a dissipative mean-field approach. Two-component condensate was simulated in
conditions adapted to the experimental ones. In the framework of this approach, a good
agreement with the experiment was obtained. In particular, stable superflow if the spin-
population imbalance is above some well-defined threshold value was observed. Below
the stability threshold the persistent currents with higher-order circulation decay in
quantized steps, and the vortex lines escape from the center of the ring through
dynamically created «weak links» in the condensate annulus. These regions with reduced
density of one spin component are filled by atoms of the other component. The vortices
then leave the ring-shaped high-density region of the condensate and finally decay into
elementary excitations. For comparison of obtained results with another set of spin
projections, investigations of two-component system with spin-projections m; = +1 were

presented. It was shown that in contrast with results for spin projectionsm, = 0,1, such
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systems are strongly unstable with respect to small azimuthal perturbations even without
dissipation, that leads to rapid creation of weak links in condensate ring. This feature
makes existence of persistent current extremely fragile in this system.

A persistent flow in a toroidal trap can be created by stirring with rotating blue-
detuned laser beam. This possibility was implemented in experiment with vortices in a
toroidal trap which were excited using a small (diameter less than the width of the
annulus) variable-height potential barrier with an angular velocity ranging from zero up to
the speed of sound in the condensate. Conditions of the supercurrent generation were
determined experimentally, however an experiment fails to describe the microscopic
mechanism of the process. In order to do this, the microscopic mechanism for excitation of
vortices and formation of a persistent current in an annular Bose-Einstein condensate
stirred by a narrow blue-detuned optical beam was investigated. The dissipative dynamics
of the condensate with parameters that reflect the realistic experimental conditions were
studied in the framework of a two-dimensional mean field model. VVortex-antivortex pairs
appear near the center of the stirrer in the bulk of the condensate for slow motion of the
stirring beam. When the barrier angular velocity is above some critical value, an outer
edge surface mode develops and breaks into the vortices entering the condensate annulus.
Conditions for creation of the vortex excitations in the stirred toroidal condensate were
determined. Results are in qualitative agreement with the experimental observations.

The existence of a persistent current in a superfluid is related to a stable quantized
vortex. The states with nonzero persistent current are metastable states. It is easy to find
the local energy minima — the metastable states with different topological vortex charges.
However, the value of the energy barrier that separates these metastable states is not
generally known. A method to estimate this energy barrier is presented. The main idea of
the method is to parameterize the condensate wave-function by only two parameters,
which are chosen to be coordinates of the vortex and anti-vortex cores. Motion of these
topological defects is approximated by the straight line, going through the center of the
well, formed by a weak-link. Trial wave functions were created by imprinting vortices and
antivortices at different positions into a background wave function and then were evolved
In imaginary time. It was found that the value that method gives for the critical frequency
of barrier rotation that is in good agreement with ones given by direct dynamical
simulations and imaginary time propagation method. Presented energy analysis also
allows finding the optimal trajectory of transition between stationary states. Together with
generalized Arrhenius-like expression for the rate of stochastic phase slips, that was
developed using the Fokker-Planck equation and some approximations, the optimal
trajectories were used for calculation of transition time. It was shown that adding thermal
noise lowers the phase-slip threshold. However, the quantitative impact of the stochastic
phase slips turns out to be too small to explain the significant discrepancy between
theoretical and the experimental results.

Key words: Bose-condensate, spinor Bose-condensate, soliton, vector solitons,
superfluid systems, quantum vortex, persistent current, phase-slip.
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