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AnHoTanus

Ha mprmMepe MIOOHHBIX aTOMOB, CBEPXKPUTHYIECKUX aTOMOB U MHTEHCUBHBIX JIA3€PHBIX I10-
Jieit 00CyKIAI0TCS HOBBIE BOBMOZXKHOCTH, KOTOPbIe OTKPhIBaeT (hopMann3M 0000IEeHHOM KBaH-
TOBOII IWHAMHUKHN B aTOMHOI (bU3MKe, aTOMHON CIHEKTPOCKOINN M KBAHTOBOI ontuke. /lemMoH-
CTPUPYIOTCS MPEUMYIIECTBA 3TOr0 hbOpMaIM3Ma M0 CPABHEHUIO CO CTAHIAPTHBIMHU METOJAMMA
[IpU OIUCAHUM CBA3AHHBIX COCTOAHUAN B MIOOHHBIX aTOMaX U aTOMaX CO CBEPXKPUTUYECKUM d/I-
pOM, a Tak¥Ke TpH BHIBOIE (D (HEKTUBHOrO ormepaTopa B3aNMOIEHCTBUAS PAJTUAIMOHHOTO ITOJIS
C CIJIbHBIM JIa3ePHBIM II0JIeM.

KuroueBbie cjioBa: HECTAOWIbHBIN BAKyyM, MIOOHHBIE aTOMBI, CBEPXTSIKeIbIe dapa, h-
derTUBHOE B3aMMOIECTBIE CBETA CO CBETOM.

BBenenue

[Iporecesr mossipu3anuu 3JEKTPOHHOIO BAaKyyMa, TO €CTh IPOIECChI, B KOTOPBIX
MPOUCXOIUT POKIEHNE W AHHUTUIANNASA JIEKTPOH-TO3UTPOHHBIX Map, B MHTEHCHUBHBIX
3/IEKTPOMATHUTHBIX TOJIX CTAHOBATCA JOMUHUPYIOMUMEU. B MIOOHHBIX aToMax m3-3a
TOTO, YTO MIOOH PACTOJIOXKEH K SAPY 3HAYUTETHHO OJINKE, UeM IJIEKTPOH C TAKUMHE KE
KBAHTOBBIMH YUCJAMU, B3aNMOJICHCTBHIE MIOOHA € JIEKTPOMATHUTHBIM TTOJIEM SIpa OKa-
3BIBAETCS IOPA3/0 CUIbHEE, YeM B 3JIEKTPOHHBIX aromax [1]. DTo npuBoaur K ciemyro-
UM OCOOEHHOCTSIM MIOOHHBIX aTOMOB: POJIb PAIUAIMOHHBIX MOMPABOK, COOTBETCTBYIO-
X TOJAPU3AIIHN TEKTPOHHOTO BAKYyMa, CYIIECTBEHHO BO3PACTAET U IHEPTeTUIECKUe
YPOBHHM MIOOHHBIX ATOMOB CTAHOBATCS OYE€Hb TYBCTBUTEILHBIMU K PACTPEICTIEHUIO 3a-
psizna B sape [1-4]. DTo o6yciaoBinBaeT MHOXKECTBO HWHTEPECHBIX TIPHUMeHeHNH (hu3nkn
MIOOHHBIX aTOMOB, HAIIPUMED, P TPOBEPKHU HA TOYHOCTH KBAHTOBOU 3JE€KTPOINHAMU-
KM CB3aHHBIX COCTOSIHUI U /Il U3YYEHUsT CTPYKTYD aTOMHBIX sjep [5].

O1u 3pPeKThI TaKKE MOTYT ObITH OYEHB CYIIECTBEHHBIMU B TAYKEIBIX ATOMAaX, 3apsi/I
KOTOPBIX MOYKET MPEBBINATH JIaykKe KPUTHIECKOe 3HAYEHWE, TO eCTh 3apsj, Mpu KOTO-
POM OCHOBHOE 3JIEKTPOHHOE COCTOSTHHE MTOTPYIKAETCA B OTPHUIATETLHBIN KOHTHHYYM, UTO
dusnveckn 03HAYAET BO3MOXKHOCTD POXKIEHUS JTayKe PEATHHBIX JIEKTPOH-TTO3UTPOHHBIX
map: 3JeKTPOH 3aXBATBIBAETCS B CBA3AHHOE 1§-COCTOsIHWE ¢ dHeprueil cBa3u FEep, npu
9TOM POXKJIAETCst CBOOOIHDIH O3UTPOH C KUHETUYECKOiT sneprueii By [6]. Dror npouecce
MOTUMHSAETCA 3aKOHY COXpaHeHns suepruu: E., = —2mc? — E,. BaxnocTs yuera 3¢-
dekToB MonAgpU3aNUN BaAKyyMa B 9TOM ciiydae 0OyCJIOBJIEHA TeM, 9TO OHU OKa3bIBAIOT
CYIIIECTBEHHOE BIMSAHNUE HE TOJHKO Ha 3HAYEHUE KPUTHUUECKOTO 3apsjia, HO W Ha BpPeMs
JKU3HU HECTAOUIILHOIO 3JIEKTPOHHOIO BAKYyMa BOJIM3MU TAKEJIbIX KBA3UMOJIEKYJI [7], KO-
TOpbIe 0OPa3yIOTCA B PE3yIbTaTe CTOJKHOBEHUS TAKEJIbIX S/1eD, TAKUX KaK s/1pa ypaHa.
W3yuenus Takux MOJEKys SBJISETCS OMHON U3 IEHTPAJBHBIX MPOOJIEeM, BAXKHBIX KakK
¢ byHIaMeHTaIbHO, TaK W C MPUKJIATHON TOUKY 3PEHUS.
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Bazkuyio posb 3 derTh moaapu3aInm BaKyyMa HTPA0T TaK»Ke B MPOIECCaxX B3au-
MOJIEHICTBUS PATUAIIMOHHOIO TOJIsl ¢ CHJIBHBIM TI0JIeM Jia3epHoro udnydenus. Ouu omnpe-
JIENAIOT BO3MOYKHOCTb TOTO, YTO B CBEPXCHJIBHBIX JIA3EPHBIX TMOJIAX HAYMHAET MPOUC-
XOJIUTH POKIEHWE CTAPIIAX TAPMOHWK JIa3€pa HAKAYKU W3 BAKyyMa, YTO SBJISETCSH
OJTHOI W3 WHTEPECHEHINX TMepCIeKTHB, KOTOPhIe OTKPBIBAIOTCS OJIaroapsi mporpeccy
B TEXHOJIOTMH MOIIHBIX Ja3epoB [8-10]. Ocobblii mHTEpec mpeacraBiaser coboil T0CTH-
JKeHne Tak HasbiBaeMoro npejena Illsuarepa Fe, = m?/e = 1.3 - 1016 B/cum, rme m —
Macca aekTpona. [Ipu Takux HANPAXKEHHOCTSAX JIA3€PHOrO MOJs BAKYYM CTAHOBUTCS
HECTAOUIBLHBIM. DTa HECTAOUIBHOCTH MPUBOAUT K CIOHTAHHOMY POXKIEHUIO 3JEKTPOH-
MO3UTPOHHBIX Map n3 BakyyMma. [Ipu 3rom 3¢hderTr mossgpusanum BakKyyMa sSBIIsiiOTCS
KJIIOUEBBIME (DAKTOPAM, BIIUSIONIMMHI HA B3auMoieiicTBre (hOTOHA ¢ WHTEHCHUBHBIM JI1a-
3EPHBIM TOJIEM.

B aromuoii ¢usuke npu Bhruuciaenun KBaHToBo 3sekrpoaunamudeckux (K9/I) mo-
[PABOK B HU3KOIHEPIETHYECKUX TEOPUSIX CTENeHU CBODObI, CBA3AHHBIE C 3JEKTPOH-
MO3UTPOHHBIMHU MAPAMU, HE YIUTHIBAIOTCS KaK sABHBbIE. QOOBIYHO (D hEKTUBHOE B3aUMO-
JIefiCTBUE, TPU KOTOPOM MPOUCXOIUT POKICHUE JIEKTPOH-TTIO3UTPOHHBIX AP, MapaMer-
pu3yercsi ¢ MOMOIIBI0 (M MEKTUBHBIX MOTEHIINAIOB TAKUX, HATIPUMED, KAK MOTEHIINA
FOnuara. Oaako Takoe B3anMoOIefCTBIE SBISETCS HETOKATbHBIM KAK B IPOCTPAHCTBE,
TAK ¥ BO BPEMEHW, & MOTEHIUAJbBI 110 ONPEIETEHUI0 OMUCHIBAIOT MI'HOBEHHOE B3aMMO-
neiicteue. Takmm 0Opa3oM, B paMKax MOAXOA, OCHOBAHHOTO HA HMCIOJIL30BAHUU (-
EKTUBHBIX TIOTEHITNAJIOB, HEBO3MOYKHO YUIeCTh 3(PGEKThI HEJIOKATBHOCTH YKA3ZAHHOTO
B3aMMO/IEHCTBHS, KOTOPhIE B CJIydae WHTEHCUBHBIX 3JIEKTPOMATHUTHBIX TOJIEH MOTYT
OBITHL cytmecTBeHHBIMHU. IlociaemoBarenbuo Takue 3(pEGHeKTbl MOTYT OBITH YUITEHBI TPH
ucnonb3oBannn (opmanmusMa 06o0menHoi kBantopoil guHamuku (OKJ/I) [11], koro-
pbIii MO3BOJIIET PACIHIUPUTH KBAHTOBYIO JMHAMHUKY Ha CIydail HEJTOKAJbHBIX BO Bpe-
MeHHU B3ammoeiicTuii. B Hacrosmeit pabore HOBbIE BO3MOXKHOCTH, KOTOPBIE OTKPHIBAET
dopmamam OK/I, 1eMOHCTPpUPYIOTCST HA MPUMEPE ero UCIOJIb30BAHUS MPU MCCIETI0BA~
HUU BJINSTHUS TOJIPU3AIIT BAKYYMa HA CIIEKTPHI MIOOHHBIX ATOMOB, TPOIECCHI PACTIAIA
HECTaOUIBLHOTO BAKYYMAa B [IOJI€ CBEPXTSKEION0 s/Iep, & TAKYXKe Ha MPOIECChl TeHepAIunn
CTAPIINX TAPMOHUK ¥ POYKIECHUs PEATbHBIX 3JEKTPOH-MIO3UTPOHHBIX AP U3 BAKyyMa B
WHTEHCUBHBIX JIA3€PHBIX MOJIAX.

1. OO6GobieHHOEe TUHAMUYECKOEe ypaBHeHIe

B nmamewm monxoje K uccaenoBanuio 3(pdeKToB moagpu3aun BAaKyyMa B WHTEHCHUB-
HBIX MOJIX MCIOJb3yeM obobuiennoe qunamuydeckoe ypasuenue (OY) [11], koropoe
OBLTO BBIBEJIEHO KaK MPAMOE C/eJICTBUE MePBBIX MPUHIUIOB KBAHTOBOH (Gu3nKH. ITO
ypasuenue ¢opmyaupyercd B repmuHax oneparopa S(tg,t1), ONUCHIBAIOIIErO BKJIAbI
B OIEPATOP IBOJIIOIUH OT MPOIECCOB, B KOTOPHIX B3aUMOIEHCTBIE HAUNHAETCS B MOMEHT
BpeMeHU t; W 3aKAHYMBAETCA B MOMEHT BPEMEHH 1o:

(tgftl)g(tg,tl):/dt4/dt3(t4—t3)§(t2,t4)§(t3,t1). (1)

OJIY no3BoJisieT MOIy4YuTh OMEePATOPBI g(tg,tl) JI7IsI TIOOBIX BpeMeH t1 u to, eC/Id W3-
BECTHBI BKJIAJIbI OT TPOIECCOB ¢ OECKOHEYHO MAaJIOi JTHTETbHOCTHIO B3aUMOIEHCTBU
to — t1. B mpenemne mpu to — t; HAaMOOMBINNI BKJIA B OMEPATOP IBOIONUHA JAIOT TPO-
[IECChI, CBSA3AHHBIE C (DYHIAMEHTAILHBIM B3auMmoeiictBueM B cucreme. OO0O3HAUUB 3TH
BRIAIBl Hing(t2,t1), momyanm rpanndnoe ycaosue st OJ1Y:

S(t27t1)t2:>tl int (t2,11). (2)
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OIY (1) sxkBuBanentHo ypasHenuio Illpenunrepa, Korja B3auMOIEHCTBUE SABJIACTCS
MTHOBEHHBIM BO BPEMEHH, TO €CThb KOIJla OIepaTop B3aUMOJEHCTBUs HMEET BHU/IL
Hine(th,ta) = —2i0(to — t1)H(t1). B 1o ke Bpems OLY no3sosisier 06001UTH KBAHTO-
BYIO IMHAMWKY Ha CAydail HEJOKAJIbHBIX BO BDEMEHM B3aMMOJIEHCTBUIA.

B mpencrapnenun Illpemwrrepa omepatop ISBOJIONUH MOXKET OBITH 3aMucaH
B Bujze [12]

[o )

Us(t,0) = % /dzexp(—izt)G(z),

rae -
G(Z) = GQ(Z) + Go(Z)T(Z)Go,

Go(z) = (2 — Ho)™', Hy — cBOoGOmubIii ramunbronuan, oneparop 1'(z) onpejensiercs
CITEIYTIOMAM 00PA30M:

z/dTexp —iz7) T(7),
0

T(ty — t1) = exp(—iHots)S(ta, 1) exp(iHoty). B Tepmmmax omeparopa T'(z) OJY (1)
u rpaHngHoe ycaorue (2) mpumyt Bup [11]:

% T(z) = ~T(2)G3(2)T(2), )
T(z) |z|—>o<> ) = z/dr exp(izT) (T),
0

rie E(T) = exp(—iHoto)Hint(t2, t1) exp(iHot1). Braan B oneparop I'puna G(z) or
[IPOLIECCOB, CBA3AHHBIX C CAMO/IEACTBUEM YaCTHIL, UMEET TaKyIo JKe CTPYKTYPY, KaK CBO-
Goamubiit onepartop I'puna Go(z). Tlo 3Toif mpruunHe eCTECTBEHHO 3aMEHUTh CBOOOIHBIH

oneparop Go(z) Ha nporararop Go(z), KOTOPBIii OMUCHIBAET IBOJIIOIMIO TACTHII, B3an-
MOZIECHCTBYIOMINX ¢ BAKYYMOM, & CIeOBATEIBHO, NMEeT CACAYIONIN BHI:

G(2) = (= = Ho = C(2)) (4)

Omneparop C(z) onpeznensierca ypasuenuem: C(z)|n) = Cp(z)|n), rae |n) — cobcrBen-
HbIe BEKTOPBI CBOOOAHOrO ramunbronnana Hy|n) = E,|n). Yenosue z — E, —C,(2) =0
onpenenser dusudeckne Maccsl acrut. CoorBercrBenHo, oneparop T'(z) HeoGXOANMO
3aMeHuTh onepaTopoMm M (z), ONMCHIBAIOIINM B3aUMHOE JIEHiCTBHE YacTHIl. DTH Orepa-
TOPBI CBSI3aHBI CJIEIYIOMIAM COOTHOTTeHneM [13]:

Go(2) + Go(2)T(2)Go(z) = G(2) + G(2) M (2)G(2).
Hcnonb3ys 3o coornomenune, Mmoxkuo nepenucarb OJLY (3) B TepMuHax onepaTropos
M(z) u Cy(2):
& malM(2)lm) = —(ns| Dy (2)lma)—
— (n2|M(2)In1) ((n1]Ds(2)[n1) + (n2|Ds(2)|n2)) ,  (5)

d

7, On(2) = =(nlDs(2)[n), (6)
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rae (n1|Ds(2)[n1) u (na|Dy(2)|n1) cessamsr ¢ M(2) n G(2) ceayiommmu cooTHOmIE-
ausgmu [14]:

(n2|D(z)[n1) = (na|n1)(n1|Ds(z)[n1) + (n2|Dr(2)[na), (7)
D(z) = M(2)G*(2)M ().

ITeperiit unen B paBoit YacTn Bbipaskennus (7) COMEPKUT MHOKUTEND (Nng|ni) ¥ OMUCHI-
BAET CHHIYJISIPHYIO > 9acThb (ng|D(z)|n1). [panndnble yeaoBus s ypaBHEHMH HMEIOT
B,

(n2|M(z)|n1) ——— (n2|B-(2)|n2),

|z|—00

Cn(2) —— (n2|Bs(2)|n2), (8)
|z|—o0
riae Bs(z) u B,(z) cOOTBETCTBYIOT CUHIYJISAPHON U PEryJisipHOil 4acTsaM oneparopa B3a-
UMOIEUCTBUSA

(n2| B(2)|n2) = (n2|n1)(n1|Bs(2)[n1) + (na|Br(2)[na).

Peryngapnas gacTh onepaTopa B3amMOIEHCTBHS OMUCHIBAET B3aNMOJIEHCTBIE MEXKTY Ya-
CTUIIAMH, & CUHTY/IAPHAad 4aCTh — UX CaMo/leiicTBue.

2. JIamboBCcKmii CABUTI " MoJidpmu3alnud BaKyyMa B MIOOHHBIX aToOMaXxX

Onuum w3 npumenennii popmanmama OKJI st onucanus CBsS3aHHBIX COCTOSHUMN
SBJISIETCS] UCCJIEOBAHNE TTPOIECCOB TMOJIIPU3AINN BaKyyMa B MIOOHHHBIX aroMax. Kax
XOPOIIIO U3BECTHO, MPOIECCHI, CBSI3aHHBIE C MOJISPU3AINEil 9JIEKTPOHHOIO BAKYyMa, JTaf0T
CYIIECTBEHHBIH BKJIAJ B JIMOOBCKHUII CIBUI IHEPrE€TUYECKUX YPOBHEH MIOOHHBIX aTO-
mos [1]. Tak, nonpaska FOuunra nopszaka aZ«, obycioBjieHHas HOIgpu3alueil Baky-
yMa B HU3IIEM NOPAIKE IO TEOPUH BO3MYIIEHUI, OKa3bIBAETCA CaMOIl 3HAYUTEIbHOI
K3/I-monpaBkoii kK 3Hepruu CBs3u MOOHA u sapa. CIeayoinuMu Mo BeJIUIUHE MOJIs-
PUBANMOHHBIMEI TIOMPABKAMU K JHEPrETUYECKUM YPOBHSM SIBJISIOTCSA TOMPABKU deJ-
nena— Cabpu n Yuamsna — Kposa mopsanka o2 Za a(Za)3 coorBercTBeHHO. OOBITHO
KB/I-nonpaBku B BOAOPOAONOI0OHBIX aTOMAaX BBHIYUCISIOTCS C IOMOIIBIO METOIA aua-
b6arndeckoil S-MaTPHUIbl, TO3BOJIAIONIErO IEPEHECTH XOPOIIO Pa3pabOTAHHbBINA AMIapaT
BBIUUCJIEHUs] AMIIJIUTY/T TTPOIECCOB B hopMaau3mMe S-MaTPUIlbl PACCESTHUST CBODOTHBIX
YacTHIl Ha ciydail cBsa3aHHBIX cocTosiamii [15-18]. HecoBeprmeHCTBO Takoro moaxomia
3aKJIIOYAETCS B TOM, 9TO S-MATPHUIA HE OMUCHIBAET IBOJIIOIWIO CUCTEMBI JJIs KOHEd-
HBIX BpeMeH u (opmaiu3m S-MaTPHUIbl paccesnns Tpedyer aanadaTndecKOro BbIKJIIO-
YeHWsl B3aMMOJEHCTBUs aTOMa C BaKyyMOM MHpH BpeMeHax ¢ — +00. DT0 03HAYAeT,
9TO MOXKET TepAThCHA 9acTbh nH(OPMAIUU O JUHAMHUKE cucrembl. JlocTtarodno xopo-
Iee COrJiache TEOPETUYECKUX BBIYUC/IEHUH € SKCIEPUMEHTAIbHBIMUA JAHHBIMA B CJIY-
Jae 3JeKTPOHHBIX BOIOPOIOMOI00HBIX aTOMOB YKA3BIBAET HA, TO, UTO TOYHOCTH TEOPUHU
OKa3bIBaeTCs OOJbINEe TOYHOCTH dKcrnepuMenTa. OTHAKO B MIOOHHBIX aTOMaxX O0JIACTb
SHEePruil Apyrasg u TOYHOCTHh CTAHJIAPTHON TEOPUH MOXKET OKA3aThCH TOPA3/I0 MEHBIIEe
M3-3a TOTO, 9TO He YINTHIBAIOTCA 3P (PEKThI, BayKHbIE B paccMaTpuBaemoii obmactu. Tax,
JIO CHUX TIOp CYIIECTBYET PACXOXKIECHUE MEXKIY TEOPETUUECKUMHU U IKCIEPUMEHTATHHBI-
MU PE3yJIbTATAMU JJIsI TSIKEJIBIX MIOOHHBIX aTOMOB, KOTOPOE HE MOYKET OBITH YCTPAHEHO
ONTUMAJILHO MOIrOHKON CBOBOIHBIX MTApaAMeTPOB, BXOAAIIMX B Mozenn sizep [19, 20].
ITosTomy BaxkHO mCCI€IOBATHL AMHAMUKY MPOIECCOB MOJISAPU3ANNNA BAKyyMa U OIpese-
JINTH, KAKOW BKJIAJ OHA JIaeT B JIIMOOBCKUIl CABUI SHEPTETUIECKUX YPOBHEH MIOOHHBIX
aTromoB. B cBoio odepenn, 6osee Touroe onpenenerne KO I-mompaBoK K SHEPTUN CBA3N
JTACT BO3MOYKHOCTH [IJIs1 DOJIee JeTaJbHOrO W3YUeHUsi CBOMCTB aTOMHBIX sIIED.

Nznoxennstii Boime dopvanusm OK/JI mo3Bossger onuchbiBaTh IUHAMUYECKUAE TTPO-
IIECCHI ¥ B YACTHOM CJIydae MPUBOJUT K CTAHAAPTHBIM pe3ysibraram. I[lostomy momxon
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OK/JI mokHO cunTaTh 0000IIeHreM CTaHIapTHONH Teopun. [IpuMeHnM 3TOT MOIXO JIIst
UCCJIeI0BaHUs IIPOLECCa POXKIAEHUS U AaHHUTHIANANA 3JIEKTPOH-IIO3UTPOHHON Hapbl Ipu
B3aUMO/IeHCTBUHM KYJIOHOBCKOIO IOJIs s/ipa U MIOOHA B aToMe. ByaeMm paborarh B Kap-
tuae @appu, B KOTOPOIl B KadecTBe OA3MCHBIX COCTOAHUN UCTOJB3YIOTCSA COOCTBEHHBIE
cocrosiunst |n) rammabronnana Inpaka Hy

Holn) = E”|n),

0
rae E,(l) — JIMpaKkoBCKas Heprus cBa3u. B kaptmae Pappum Takme COCTOSAHWS W Ta-
KOl TaMUJIbTOHWAH UTPAIOT POJIb CBOOOIHDBIX COCTOSHUI M CBOOOJHOIO raMUJIBTOHUAHA
coorercreenHo. [Iponararop G(z) (4) Moxker ObITH NPEICTABICH B BUJE

~ [n)(n]

rae dynkuusa C,(z) onpeiesser sHepreTudeckoe pacipe/ejenue, 00yCcJ0BJIEHHOE B3a-
umoIelicTBreM aToma ¢ BakyymoM. Torma nosmasi smeprus yposus F, Oyaer omnpee-
JIATHCS U3 ~-eY ¢ = G
YCJIOBHSI HOJIOCA 2 n 'w(2) = 0 B Mmarpuanom snemente (n|G(z)|n).
g ypasaenus (6) MOXKHO HOJIy4uTh ciaeayommii Bus [14]

%Cm(z)z—zz:/d%l/fm X

n 81,82
(n1|M(2)|n; p1, $1; P2, S2)(n; P1, S1; P2, S2|M (2)|n1) )
0 2 ’
(Z - B - Ep, — Ep, — Cn(z — Ep, — Epl))

. 0
B KOTOPOM N1 — COCTOSAHWE aTOMa C dHEprueit E,(“); pi, s1 u L), = \/mg+p§ -

MMITYJIbC, CIIMH U 9HEPIHs JIEKTPOHA; P2 = q — P1, S2 U Ep, = \/m2 + p3 — uMuy.sc,
CIIMH U SHEPTUA TO3UTPOHA; ( — UMITY/IbC KYJOHOBCKOrO (POTOHA M HPEINOIATACTCH, 9TO
3JIEKTPOH M MO3UTPOH ABIAIOTCH PeaJbHBIMA CBOOOIHBIMU YACTHIAMHE ¢ (DH3MYECKUMI
mMaccamu M, . Pemennem ypasrenns (5) ¢ TOUHOCTBIO MopsAaKa a? Gyzier

(n2;P1, 815 P2, S2| M (2)|n1) = (n2; P1, 81; P2, s2|B(2)|n1) =
= (n2;P1,81;P2752|H}V|n1>+<n2;P1,81;P2,82|H}L|n1>7
rie

Ze?
(n2; P1, 51; P2; S2|H;V|n1> = *W Ue(P1, 51)’70%(1)2752)5711712,

62

(n2;P1, 515 P2, S2|HY [n1) = m/ds kl/d3 ko, (Ko )thn, (k1) x

X Ue(p1,51)7 ve(P2, 52)0(ka + p2 + p1 — k1),

(n1|M(2)|n2; p1, 515 P2, s2) = (n1|B(2)|n2; 1, 81; P2, 52) =
= (n|HY |n2; p1, 815 P2, 52) + (na|HY |n2; p1, 515 P2, 52),

Ze?
<Tl1|H;v|n2;p1, 515 P2, 52> = *W ’Ue(PQ,SQ)’YOUe(Pl, 51)5n1n2a
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2

e J—
(n1|HY [n2; p1, 515 P2, 52) = W/d‘?’ k1/d3 ko1, (k2)Yn, (k1) X

- 0
X Te(P2; 52)7 ue(P1,51)0(ke — p2 — p1 — ki).
Baech ue(p1, 1) u ve(P2, S2) 0003HAYAIOT JUPAKOBCKHUE OUCIIMHOPbI, OTBEYAIOIIUE JJIEK-
TPOHY ¥ TIO3WTPOHY COOTBETCTBEHHO; @ = a7y, TAe Y9 — Marpuna npaka pasMepom
4 x 4, paBuag equHUYHON. PacnucbiBas MPOU3BEIEHUE MATPUYHBIX 3J1eMEHTOB B (9),
HOJTY YUM

(n1|M(z)|n2; P1, 51 P2, 52)(n2; P1, 515 P2, S2| M (2)|n1) =
= (ni|H{ [ng; p1, 515 P2, 82) (na; P1, 51; P2, s2| HY 1) +
+ (n1|HY [no; p1, 515 P2, s2) (na; P1, 515 P2, 2 HY [n) +
+ (n1|HY |ng; p1, 815 Pa, $2) (n2; P1, 51; P2, s2| HYY [n1) +
+ (n1|H] [n2;p1, 515 P2, s2)(n2; P1, 815 P2, 2| Hf na). - (10)

B Broipaskennn (10) TEpBbIi 1 TOCTEIHAN WIEHB B TPABOH YACTH JAIOT BKJIAIHI TOJBKO
B MaCChl g/Ipa ¥ MIOOHA COOTBETCTBEHHO, Jajiee OHU paccMarpuBaThes ue OyayT. [locse
cymmupoBanus Ue(Pa, s2)7 Ue(P1, $1)Ue(P1, 51)7 Ve (P2, $2) MO CIHHOBBIM COCTOSHHUSIM
$1, So ypasuenue (9) OKOHYATEIHHO PUHUMAET BHI

d d3q Zo?
—C,(2) =2 (2n) 2U,,(q) —
Zo=20em [ Sl ey
e 3 2
« / d P1 4(EP1EP2 + P1P2 — me) . (11)
3 b)
“oo (2m)* 2B, 2B, (- EY - Ep, = By, — Cu(2 = By, — Ey,))
rae
“+o0
U@ = [ r ) exp (~iax).

OrpannunBasich AByMs 9I€HAMHI PAa3IOXKeHHUs B CTelNeHHON psaj GyHkunn (z — EY -
—E,, —Ep, —Cn(2—E,, — Ep,)) "2, ypasuenue (11) MOKHO IIPE/ICTABUTH B Cr1e1yromeii
dopwe:

+oo
d d3q Zo?
—CW(z) =2 (27)? / —— 2U,(q) =—
dz n (Z) ( 7T) (27‘()3 n(Q) |q|4
oo 3 2
« / d D1 4(EPIEP2 + pP1pP2 — me) , (12)
J(@2m)? 2B 2B, (3 - EY) - By, — Ey,)”
+oo
d d3q Zo?
—CP(2) =2 (27)? / 2U, (q) ——
dz " (Z) ( 7T) (27’(’)3 (Q) |q|4 X
—o00
e 3 2 @)
% / d D1 4(Ep1Ep2 + P1P2 — me) 2Cn (Z 7 Epl — EP2) (13)
(2m)* 2Ep, 2, (:—EY) —E, — E,,)°

—00
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¢ rpaHudHbIMA ycaoBuaMu (8) st ypasnenus (12) u 07(12)(—00) = 0 gns ypasme-
uus (13). DHeprus ypoBHsS B TAKOM Cilydae OyIeT OnpeIensThCsd Kak

E, =EY + cW(E,) + C?(E,) + 0{Z%a"}.
Pemrenne ypasuenns (12) ects [14]

+oo
d3q Zao? ~
1 _ 0
ciM(z) = / @)y 2Un(Q)W 4J (Z - EQ, |Q|) ;

— 00

rjie pyHKIus j(z, |q|) OTIPEJIeNISIeTCS KaK

(x+1/2)yVx—1 ( z 22|q|2>.

J(z]d|) =

Y5 (4m2z — 22 + |q|2 + 10) a2 + 4m2z + 4m2x

IMonpasky Cy(ll)(En) MOKHO TIPEJICTABUTH B BHUJIE PA3JIOKEHUS

d

W(E.) = D (EO W) (g0

—CM(2) +0{Z%"}. (14)

z=E,(L0)

B Beipaxkennn (14) Benmumza C,(ll)(E,(lO)) ectb obpraHasi nompaska HOmwmnra mops-
kKa aZa. Takum oOpa3oM, B mepBOM MPHUOIUKEHUH JTIMOOBCKU CIABUT, IMOJTYIEHHBIH B
pamkax moaxoaa OKJI, conamaer ¢ pe3yibTaTroM aanabaTudeckoro S -MaTpUIHOTO MO/I-
xoma. [1oaToMy mOTMONHUTEIBHBIE Oy YeHHBIE TOTPABKY K monpaBke F)auHTa MOXKHO
Ha3BaTh UHAMHYIECKUMHI; OHU UMeloT mopsiaok a’(Za)?. HeobXoamMo OTMETHTE, UTO
UX HEBO3MOKHO MOJIYYUTh B CJIEIYIOIMINAX TTOPSAIKAX 10 TEOPUE BO3MYIIEHUTT, HCIOIb3Y s
MeTO/T ainabaTudecKoil S-MaTpuIlbl, B KOTOPOH aMILIATY/IbI IPOIECCOB PACCMATPUBA-
I0TCs TIpN 2 = BV, Pesynbrarnhl pacyera AuHAMUYECKUX TONPABOK B (14) mpusemens

B [21]. Pemenne ypasuenns (13) ¢ rpaHWYIHBIM yCIOBHEM 07(12)(—00) = 0 nmeer BuT

d d
0@ () — — oW ()L Ao 90 ([ Low 0(2)(Log)
) = ~CPED) ZON )+ 200 (FAVE)| o)
rje
(2)(Log) ) [ d 702 [ dpy A(Ep By, + pip2 — m2)
og — 2 2 2 " 1 2 e
— 00 — 00
+oo
d3q Zo? 2m?
L9 g (o) 2L o (e
) / G U [ ( 3 )
—00

oo
y /dx (x+1/2)vz—1 In [2']
/ :c3/2 Am2z + |q'|? ) |2/ — \/W|
n=z-EY - E, —E,

Takum obpazom, ucmosb3oBanue dopmaaudmMa aaunabaTuaeckoil S-MaTPUIbl s
OTHCAHUS CBA3AHHBIX COCTOSHHI MPOBOANT K MPHOMMKEHHOMY pernernio. B ciaydae
MIOOHHBIX aTOMOB OTITHOKA CTaHIAPTHOTO TIOAXOTA MOXKET OKa3aThCA CYIIECTBEHHON
n H€06XO,I[I/IMO TaK>Ke YIUTHIBATH JUHAMUYIECKNE MOTIPABKU. Ocraercs HaJeATHCA, 9TO
6oJiee TOUHOE BBIUUCIICHNE JTIMOOBCKOTO ¢iBura [3, 22] BMecTe ¢ 60JIee TOYHBIMA IKCITE-
PUMEHTAIbHBIMY JAHHBIMU [23] JaCT BO3MOXKHOCTD TOYHO OLUPEIETUTh PAJUYC IIPOTOHA.
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3. DddexkThl noasipusanuu Bakyyma
B KYJIOHOBCKOM TI0JI€ CBEPXTSIXKEJIOTO s/Ipa

Jpyrum muTepecHbiM mpuioxkenueMm dopmanudma OKJL saeasgercs wcciemoBanue
CBSI3AHHBIX COCTOSIHUIT 3JIEKTPOHOB B ATOMAaX CO CBEPXKPUTHIECKUM simpom. CBEPXKpH-
TUYEeCKUM HA3BIBAETCH sA/IPO C TAKUAM 3aPsAI0M 7, 9TO SHEPrUsi CBA3U OCHOBHOIO JIEK-
TPOHHOI'O YPOBHS IPEBBIIIAET YIABOCHHYIO MACCy OKOs 371eKTpona [6] (Z > Z., = 173).
B pesysnbrare 3/1eKTPOH OKA3bIBAETCH <«IIOTPYKEHHBIM» B OTPHUIATEIbHDBIN HEPepPbIB-
HbIil criekTp ypaBuenus Jlupaka. [lorpyxkennoe cocrosiame 00/1a7aeT MPUHIMTHAIBLHO
HOBBIMHU OCODEHHOCTSIMU: B OTJIUYUE OT OOBIYHBIX CBABAHHBIX COCTOSIHUN, XapaKTepu3y-
€MBIX OIpeeIeHHON dHePTHueil, MOrpyKeHHbI YPOBEHDb OMUCHIBAETCS SHEPTETUIECKIM
pacnpenenenuem. IIpenmnosaraercs, 910 npy HATUYUN BAKAHCUHU B 9TOM COCTOSHUU MIPO-
UCXOAUT CIIOHTAHHBIA pacmaj] HeATPaJbHOTO BaKyyMa, TO €CThb POXKJEHUE DPeajabHO
37IeKTPOH-NIO3UTPOHHON Mapbl U3 BaKyyMa, COIPOBOXKAIOINIEeCs MEPeXOJOM 3JIE€KTPO-
Ha B CBA3AHHOE COCTOSTHUE B TOJIE€ S/IpA, B PE3YJIbTAaTe ©ero o0pa3yeTcs 3apsyKeHHBIH
BaKyyM, TIPEJICTABJISIONHNIT cO00H CBEPXKPUTHYECKUIT aTOM ¥ CBOOOHBIN MO3UTPOH [7].
3akoH coxpaHeHus SHepruu Tpedyer, 4ToObI

Eis+2m+ Eyin = 07 (15)

rae Fys — SHeprus CB#A3U JEKTPOHA, M — IHEPrusi NOKOs JIeKTpoHa, Fyi, — Kune-
THYeCKas SHEPIHUs MO3UTPOHA. B mpupoje He CymecTByeT sijiep CO CBEePXKPUTUYECKUM
3apsiIOM, OJHAKO WX MOYKHO CO3/aTh UCKYCCTBEHHBIM IIyTEeM: MPU CTOJIKHOBEHWH IIydY-
KOB TIOJTHOCTHI0 MOHM30BAHHBIX ATOMOB TSI?KEJIBIX 3JIEMEHTOB C SHEpTrHueil BOJIU3U KyJI0-
HOBCKOTO 6apbepa BO3MOXKEH CHHTE3 TMTAHTCKUX KOMOWHHPOBAHHBIX S/IED C BPEMEHEM
xm3un nopsaka 10721 ¢ [24]. Tak, npu cronknosennn sgep ypama 250U + 238U ma
momenT Bpemenn 1072! ¢ ofpasyerca rurantckoe aapo c 3apgaom Z = 184. Cruemy-
€T OXKHUJATh, 9TO MPHU CTOJKHOBEHUHU /1€ C CYMMAaPHBIM 3aPs/I0OM BBIIIE€ KPUTHIECKOTO
JIOJIPKEH MPOUCXOIUTH JOMOJTHUTEIBHBIN BHIOPOC TO3UTPOHOB, CO3JaBAEMBIX M3 BAKyyMa
3a CYeT CBEPXKPUTUIHOCTH TIOJIS, SHEPreTHYeCKOe pacrpesieieHne KOTOPHIX OMpeiess-
erca 3aKOHOM coxpanenus (15), a ciemoBaTenbHO, OJHO3HAYHO CBSI3aHO C YHEPTETH-
YECKUM DAacCIpee/leHreM OrPYKEHHOTO COCTOsiHUS. DBbIa mpoBeieH Psl SKCIepUMeH-
ToB [25, 26], HaneneHHbIXx Ha OOHApyzKeHue 3Toro 3bdekTa, B pesyibrare KOTOPbIX
He 3aUKCUPOBAHO OMOJHUTEIBHBIX MO3UTPOHHBIX JIUHUN C OKUIJAEMBIM KOHTYDPOM.
B macrosiiiiee Bpemsi mHTEpec K 3TOH mpobseme ociabes Kak B TEOPETHIECKOi, Tak
U B dKCIEepUMEHTATLHON dusnke. OTHAKO MBI CUMTAEM, YTO MPUPOA ITOTO SBIICHUS
He ObLTa WCCJIeOBaHA B TOJIHON Mepe, U HeOOXOIWMbI HOBbIE, MPOIyMAHHbBIE, IKCIIE-
PUMEHTBI, 9TOOBI OTHO3HAYHO yCTAHOBUTDH, BO3MOXKHO JI POXKJEHNE PEATBHBIX JaCTHUI]
U3 BAKyyMa B IPUCYTCTBUU CBEPXCUIBLHOTO TOJs. DTU UCCIEJIOBAHUS TaKXKe OymayT ur-
paTh BaXKHYIO POJIb TPU pa3pabOTKe METOIa ONMUCAHUS B3aUMOEHCTBUS JIEKTPOHOB
U WOHOB CO CBEPXUHTEHCHUBHBIM JIA3EPHBIM MOJIEM, MOIIHOCTH KOTOPOTO B OJmsKairinme
necaTuaeTna npenonaraerca gosectn 10 1030 Br/cM? ¢ mOMOIIBIO TeXHAKH yCHTEHASA
YUPIUPOBAHHBIX JIA3EPHBIX UMITYJIbCOB.

[Ipu paccMmorpenuu CBA3aHHBIX COCTOSHUI B [OJIE€ CBEPXKPUTHIECKOTO s/IPA CYIIE-
CTBYET JIBE MPUHIUMUAILHBIX Tpobsembl. [lepBas mpobemMa 3aKII09YAe€TCS B TOM, UTO
BpeMsi, TPOBOIUMOE sITPAME B COCTOSTHUU TUTAHTCKOTO O0LeIUHEHHOTO si/Ipa, MMEET T0-
pagok 1072 ¢, Torja Kak mpemosaraeMoe BpeMs pPOMKICHUS 31eKTPOH-MO3UTPOHHOIN
napsl 13 BakyyMa coctasiger 10719 ¢. CornacHo 3TuM oneHKaM SKCIEPEMEHT IO CTOJIK-
HOBEHUIO si/IEP HE MOXKET ODECIeYNTh JOCTATOYHOE BPEMs JIJI POXKICHUS TEKTPOH-II0-
3UTPOHHON mapbl. Bropas npobiema, TeCHO CBsI3aHHAS C TIEPBOii, 3aKJII09AETCS B Pac-
gere 3 HEKTOB MONAPU3ANNY BAKYYMa B [0JIe CBEPXKPUTHIECKOTO sipa. BKia I or 9Tux
3¢ deKTOB, TPOMOPIUOHAILHBIN MapaMerpy Za, B Ciydae OOBIYHBIX ATOMOB SIBJISI€TCSI
Masioii nonpaskoil K sueprun ( Za < 1) u MOKeT ObITh yUTEeH 110 TEOPUU BO3MYIIEHUIA.
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B crenuduueckoM ciaydae CBEPXTAKENIOro sapa Za > 1 (mns aByx auep ypana Zo ~
~ 1.34), u psayx Teopun BO3MyIeHUi, OYeBUIHO, pacxoaurca. Hecmorps Ha Bceobuiee
npu3HaHWe 3TOro (PaKTa, MOCJEI0BATEIbHBIN pAacdeT BKJAJa OT MOJIAPU3AIUU BaKYy-
yMa J10 cux mop He Obu1 npoBemeH. Cunraem, 9To 3TOT 3hdEKT MOKET CYIIeCTBEHHBIM
00pa30oM MOBIUATH HA BPEMs PACTaga BAKyyMa B MPUCYTCTBUY CBEPXKPUTUIECKOTO TMO-
TEHIINAJIA.

s onmcaHus CBA3AHHOIO COCTOSHUSA B TI0JI€ CBEPXKPUTUYECKOTO /1Pa OOBIYHO HC-
[OJTb3YeTCsl TO/IXO0, OCHOBAHHDBIN HA PAa3JI0KEHWHM BEKTOPA MOTPYKEHHOIO OIHOIJIEK-
TPOHHOIO cocrostius |¥) 10 COOGCTBEHHBIM BEKTOPAM FaMI/IJ'IbTOHI/IaHa Jlmpaka ¢ KpuTH-
dgecknM norermmanom He, = iy#(0/0x,) +m+ V(Ze) [6]:

—mc

10) = a1,(B)| () / he (B) S dE',

e HelU\Y) = —m|WiY)), HalW5)) = BOE) (WE795)) = (B - B),
(U (Cr)|\ll(cr> 1). Beuto mokaszano, uro koabdunuent ai5(FE), onpenensiommii Be-
POATHOCTDL OOHAPYZKHUTEL 3JEKTPOH B MCXOIHOM COCTOSHHU |\IJ§C;>>, IpenCTaBIgeT Co-
00it OpedT-BUTHEPOBCKOE SHEPTETUIEeCKOe pacupeaeaeHne mupuHoi I B HecKoIbKo K3B
W C MaKCUMyMOM BOU3M sHeprun Fie, = Eys + (UV(Z = Zo)| 0. Cormacno
reopeme ®@oka—Kprinosa [27] orciona ciemnyer, uto paccmarpusaemoe cocrostamne |U)
ABJIAETCS HecTAOWIbHBLIM U uMeeT Bpems wxusan 7 = hA/T ~ 10719, B [6] mecra-
OMJIBHOCTH OJHO3JEKTPOHHOTO YPOBHS OTOXKIECTBILACTCA ¢ HECTAOMILHOCTBIO BAKYyMa
U Jegaercs BLIBOJ, O TOM, 49To BpemMs T ~ 107 ¢ gpasgerca BpemeHeM pOXKIeHHS
9JIEKTPOH-TIO3UTPOHHON maphl w3 Bakyyma. OmgHAKO 0O0CHOBAHHOCTH TAKOrO MEPEHOCA
CBOMCTB OIHO3JIEKTPOHHOTO COCTOSTHWS HA COCTOSTHWE BAKYyMa, BEChbMa COMHHUTEILHA.
Bo-nepBpIX moToMmy, WTO ypapHeHme Jupaka BKIIOYAET 3JEKTPOHLI U BUPTYyaIbHBIE
9JEeKTPOH-MIO3UTPOHHLIE HNAphl U HE ONMCHLIBACT COCTOSHME BaKyyMa. Bo-BTOPBIX, econ
HOrPY2KEeHHbIHl YPOBEHDb Y2Ke 3aHAT, KAK 9TO W MPEJOJaraeTcs npu BuiBoue ais(E), To
POKIIEHWE TIap W3 BaKyyMa 3ampemieno npuanunoM [laynm, n smepreTudeckoe pacrpe-
JIeJIEHVE XapaKTepU3yeT WMEHHO OJTHO3JIEKTPOHHOE COCTOSTHUE.

Pemenue 060611eHHOrO tuHaMUIecKOro ypasuenus (6) /1jis COCTOSHUS OJIHOTO 3JIEK-
TPOHA B I10JI€ CBEPXKPUTHYECKOTrO g1pa ObL1o paccmorpeno B [28]. Bouio nokasano, uro
B JMAUpYIOIIeM HOpsijike (pasJioxkenue mo manomy napamerpy A = (Z — Zey)/Zer)
SHEPTEeTHIECKOE PACTpPEIeJIeHNe OCHOBHOTO 3JIEKTPOHHOTO YPOBHS SBIAECTCS OpeiT-
BUTHEPOBCKMM, YTO COBTAJAET C PereHneM, moiaydeHHbiM B [6]. OxHako Gosee TouHOe
perlenne, MoJyueHnoe B CIEAYIOIMEM MOPSIIKe, NMEET OTKIOHEHUE OT OpeiT-BUrHepOB-
ckoro pacnpegeneans (nopsiaka 1% ).

Jl1s onmcanus mpomecca POXKICHU 3JeKTPOH-IIO3ATPOHHOA Maphl U3 BaAKyyMa Heo0-
XOIMMO pPACCMOTPETH 3BOJIONNI0 COCTOSHUS 3JIEKTPOH-TIO3NTPOHHOTO BAKYYMa B TIOJIE
cBepxkpuTHueckoro sapa. O6o3uaunm 1o cocrosiuve |En,q), nompasymepas nox Ey
MOJIHYIO SHEPTHIO AApa, a MOJ  UMIYJIbC KYJOHOBCKOTO (DOTOHA. DBOJIONNAA ONMMCHIBA-
ercsa omeparopom ['prHa:

(En,d|G(2)|En,q) = o ENl_ Cn(z)  z— Cl'N(Z)'

B paccmarpupaemoii 3a1a4e ya00HO CABHHYTH MIKaay Hepruii Ha FEyn: 2/ = 2 — By,
Tak Kak Heprust sapa He namensercs. [lonpaska Cn(z) = (En,q|C(2)|En,q) xapak-
TEPU3YET IHEPTHUIO B3ANMOAEHCTBUS S/IpA C AJIEKTPOH-TIOZUTPOHHBIM BAaKYyYMOM U TIOJ-
qungercas OIY (6). Iox B3aumomeiicTBueM ¢ BaKyyMOM MOIPA3yMeBAIOTCH B TIEPBYIO
odYepe/ib BaKyyM-MOJIgPU3aIUuOHHbIE YPDEKThI, KOTOPbIE MPU PEIIeHu:d C TOIHOCTHIO
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10 (Za)? cromaTes K pacmasy KyJTOHOBCKOTO (hOTOHA Ha 31eKTPOH-TIO3UTPOHHYIO TIAPY.
B mannoit 3amate 31oT 3¢hPeKT urpaer KaodeByio Poib, TAK KaK JTOKHBI PACCMATPH-
BaTb BEPOATHOCTH [EPEX0/la BUPTYAIbHOIO 3JIEKTPOHA B CBa3aHHOe cocroguue |U),
YTO Ha Jee W OyJeT O3HavaTh POXKIEHWE peasbHol maphl W3 Bakyyma. Mcxoms ns
9TOrO, B KadecTre Oaswuca mpeacrasienns Pappm mas omepartopa [ puHa, BXOIAMIETO
B (6), ya00HO BBIOpATH BEKTOPHI COCTOSHUI, COMEPIKANMX ANpO ¢ dueprueil Ey, u
9JIEKTPOH-1103uTPOoHHY0 napy. O6o3uauum 310 cocrosuue |En;p1, s1; P2, S2)), I1e P1,
$1 — WMITyJIbC M CIIUH 3JEKTPOHA, HAXOAAMEroCs B CBA3aHHOM 1S-COCTOSTHUU B HOJE
anpa |Ui4(p1,51)), P2, S2 — UMIYJIbC U CIOMH IIO3UTPOHA, KOTOPLIHA Oynem CUYuTAThH
ceoboaubiM. CriemoBarenbo, oneparop I puna é(()cr)(z) B 9TOM TPEICTABICHUN WMEET
CIeYIOMUil BU:

(En;P1,S1; P2, 82|éécr) (2)|En;P1, 515 P2, S2)

, , 1
= d? /d“ .
Z/ PR — Er, — Bp, — Cn(z — Ers — Ep,)

S$1,52

IMoncrasnss sro Beipazkenne B (6), nua (En,q|C(z)|En,q) noayanm

d3p1 X

d(En,q|C(2)|En,q)
dz o 51252

o /d3p2 (En,d|M(2)|EN;P1, 81; P2, 52) (EN; P1, 513 P2, 52| M (2)|En, Q)
- .
(2 = Ex — E1s — Bp, — C(z — E1s — Ey,))

(16)

Pemas ypasuenue (5) ¢ TounoCTbIO 10 (Z)? MOMyUUM ClIeIyIONINe BBIPAYKeHHs JIst
MaTPUYHBIX 3J7I€MEHTOB oneparopa M (z):

(En,q|M(2)|En;P1, $1;P2, $2) = (En,a|H[|En; P1, $1; P2, S2) =

Ze —
= -1 U (p1,51)7 ve(p2, 52)0(q — p1 — pa),

(En;Pp1, 515 P2, 52| M (2)|En,q) = (EN; P1,51; P2, s2|H1|En,q) =
= —é—; Ve(P2, 52)7" ¥ (p1, 51)8(P1 + P2 — ),
r7le YITEHO, YTO OCHOBHOI BKJIA B 3((MEKT MA0T KYJIOHOBCKHE (hOTOHBI.

VYpasuenue (16) nonunocreio onpenensier dyukuuio (En,q|C(z)|En,q), KoTopas
ONUCBIBAET PACIA/L SJEKTPOH-MIO3UTPOHHOTO BAKYYMa B MOJIE CBEPXKPUTUIECKOTO SIPa
3a CUeT BaKyyM-HOIApu3anuoHHbix 3¢ dexktos. OTMeTnm, 9T0 B pACCMOTPEHHOM TOJI-
xoze, ocropannoM Ha OJIY, He MCMOaB3yeTcs MPeATOIOKEHNe O MAJIOCTH KOHCTAHTHI
B3aMMOJICHCTBYsI, KOTOPasl B CIydae CBEPXKPUTUIECKUX Aep 00Jblne eauaunst (Zo >
> 1). DTOT NOAX0/ MO3BOJIAET TIOCIEI0BATETHHO OMUCATE MPOIECC POKICHUS 3JTEKTPOH-
HNO3UTPOHHBIX IAP M3 BAKyyMa B IOJE CBEPXKPUTHYIECKUX SJIED.

4. DddexkTuBHBI onepaTop B3anMmonaelicTBus (poToHa
C UHTEHCUBHBIM JIA3€PHBIM MOJIEM

[Ipu paccMOTpeHUH MPOIECCOB B CBEPXCUIBLHBIX MOJIIX HEIL3A HE YIOMAHYTH O BO3-
MOXKHOCTH POYKJIEHUS 3JeKTPOH-TIO3UTPOHHBIX TAp M3 BaKyyMa B CBEPXCHUILHBIX Jla-
3epHbIX noJisAxX. VccsemoBanne (pu3MIecKuX MPOIECCOB, MPOSBIIAIONINXCI B CUIbHBIX
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JTa3ePHBIX TOJISAX, TMPEJICTABISIETCS HA CErOJHSNIHUI JIeHb BechMa aKTyaabHOi 3asa-
geil. D10 cBg3aHO ¢ OYyPHBIM IPOrpeccoM B 06JIaCTH CO31aHus MOIIHBIX ja3epos [8]. Ha
CerofHAMHANI IeHb JOCTUIHYTHI MomHOCTH mopaaka 1022 Br/cv? u oxmpaercs, 91O
sra nudpa Oyger ypeandena [8, 9]. Ocobbie nHTEpec mpecTapisier coboil TOCTHKeHNe
BeJINYMHBI 107181, paBHoit Fe, = m?/e = 1.3-10'° B/cm, tme e u m — 3apsan u macca
9JIEKTPOHA (3/1eCh W JIajiee WCIOJIb3YeTCs eCTeCTBeHHAd cucTeMa eaunun, i = ¢ = 1),
ato coorsercTeyer naTencusroctu 4.6 - 102 Br/cm? [10]. Do 3navenne nHocut Hazsa-
HUE MBUHIEPOBCKOrO npejena. [Ipu TakuX 3HAYEHUIX HAPSAKEHHOCTH 3JTIEKTPUIECKOTO
[0JIsl BUPTYaIbHAS JIEKTPOH-TIO3UTPOHHAS TTAPa NPUODPETAeT SHEPIHUI0 TOPAIKA CBORH
MAacChl TIOKOSI Ha PACCTOSIHUN KOMIITOHOBCKO# JIIMHBI BOJIHBI 3JIeKTpOHA [8]. Bo3amoxk-
HOCTh POYKJIEHUS Tap W3 BaKyyMa yBEJIMUWBAETCS, €CJIM POYKIEHNE MPOUCXOIUT B 00-
sactn (HOKYCHPOBKH JBYX CHJIBHBIX BCTPEYHBIX JIA3EPHBIX TYUYKOB B Bakyywme [10, 29].
Paccmorpum B3anMojieiicTBIE IBYX CHUIBLHBIX BCTPEYHBIX JIA3EPHBIX MYYKOB B BAKYyMe.
JBe MOHOXpOMATHYECKHE BOJIHBL C OJMHAKOBBIMU aMIuiuTyjaaMu Fj/2 u oiuHaKOBbIMU
YACTOTAMHU w;, PACTIPOCTPAHSIONINECS BOIb OCH X, MOTYT OBIThH 3aIMCAHBI KaK

E(x,t) = Ej cos kjz coswt z, (17)

B(z,t) = —E;sinkzsinwity, (18)

rae (E(x,t), B(xz,t)) — pesynbrupyoiiee 3JeKTPOMATHUTHOE 10Je, & Y U Z — €JUHUY-
HBIE BEKTODA B HANPABJIEHUN § W 2 COOTBETCTBEHHO. ECIM MMEET MECTO B3aUMOIEHCT-
BUE BCTPEYHBIX JIA3€PHBIX MYYKOB, TO (DOTOH, POKIAEMbIHi B TAKOM TIPOIECCE, UMEET
JaCTOTY W, MHOTO OOJBITYI0, 9eM w;. Tak Kak 3Th GPOTOHBI CO3AI0TCS B 0OBHEME C Xa-
PaKTEPHBIM Pa3MepoM A = 27 /w, MHOTO MEHBINNM, YeM \; = 27 /w;, B ypaBHeHusx (17)
u (18) moxkem monoxurh |kjz| < 1 (camraeM, 910 GOTOHBI POKIAIOTCA BIIOTb OCH ).
B nynesom npubnmkennu (17) u (18) mMoryT ObITh mepenucanbl Kak [29]

E(x,t) =~ Ejcoswitz = Li(t) Z,
B(z,t) ~ 0.

B moziesn, KoTopasi HCnosb3oBanach B [29], mpezmosaranochk Tak:Ke, 9T0 SJIeKTPUIecKoe
nose E;(t) uamensiercs BO BpeMeHu MeJ[JIEHHEE 110 CPABHEHUIO C I10JIEM, ONUCHIBAIOIIEM
doroubt. B rakom npubsnuxkenuu B [29] 6bu1 nocrpoen 3¢ deKTUBHbBIN JIArPAHKUAH, OLIK-
CBHIBAIOIIWI MTPOIIECC, TPA KOTOPOM YHUYTOYKAETCS HEKOTOPOE JHCJIO Ja3ePHBIX (DOTOHOB
U POXKIAETCs TIO KpaiiHeil Mepe IBa BHICOKOIHEPTETUIHBIX (hOTOHA. ITOT JATPAHKUAH
YYUTHIBAET B3AMMO/IEHCTBIE MEYKITY CUJIBHBIM TOJIEM JIA3€PHOI BOJHBI M KBAHTOBAHHBIM
PAIHAIIMOHHBIM MTOJIEM TOABIAIONTUXCS (DOTOHOB; OH MOJIYYEH C y9eTOM OJIHOMETIEBOrO
JIEHCTBUS MOJTHOTO 3JEKTPOMATHUTHOTO OIS

A (z) + A (x),

rie A¥(z) m AM(x) — 4-TOTeHIMAIBI, OMUCHIBAIOIINE CUIBHOE JIA3ePHOe TI0Jie W pa-
JIHAIIMOHHOE TI0JIe cOOTBeTCTBeHHO. CHMIbHOE JIa3epHOE TOJIe CUUTAETCS OTHOPOTHBIM
M TOCTOSHHBIM 37eKTpudeckuM mnoneMm Fj. [InoraocTs 3¢ deKTrBHOTO marpamKuana
B 9TOM CJIy4ae UMEeeT BUJI;:

‘C(I7pL) =iIm (ﬁE_H(pL)) + Em(I) + 5‘C($a PL)7 (19)
rie

L) =~ F2 () Fuu (),

1
SClwpr) =~ [ A" = o', pr) A,
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Bmecy pr, = Er/Ee, F'(zx) = 0HAY(z) — 0" A¥(x) — 3/MeKTpOMArHATHOE MOJE,
" (xz — a’; p) — ren3op noagpusaiyu HOTOHA B IPUCY TCTBUK BHEIIHErO 3JIEKTPUIECKO-
ro nons Fy; = pyFe, . B ornuane or narpanxkuana Jitiepa — [eiizenbepra mioTHOCTH 3T0-
ro a¢pdexrusnoro marpanxkuana (19) HeJIOKaIbHA B IIPOCTPAHCTBE-BPEMEHHU. DTa HEJIO-
KaJIbHOCTh BhIpaykaercst B Hajnann unena 0L(x, pr). @yukuns I (x — ', pr) urpaer
pouib HeslokanbHoOTo hbopm-dakTopa B onpenenennn 0L(x, pr). OaHAKO N3BECTHO, YTO
BBeJIEHUE HEJIOKATHHOrO (hopM-(paKTOpa B JIATPAHKUAH UM TaMUJIBTOHUAH SIBJISIETCS
HEIOCJIeI0BATEIbHBIM U IPUBOJUT K HOTEPE JIOPEHI-MHBAPUAHTHOCTH U/WJIU yHUTAD-
moctu Teopun. [Ipuanna sroro odesumua. ¥ pasuenue [lpenunrepa fBasgeTcs JIOKaIb-
HBIM BO BPEMEHU ¥ TaMUJIbTOHUAH OMUCHIBAET MI'HOBEHHBIE B3auMOIeicTBUs. B mporec-
Cax HEPeJATUBUCTCKOW KBAHTOBON MEXAaHWKW B3aWMOJEHCTBUE MOYKET ObITH HEJIOKAJIb-
HBIM B MIPOCTpPaHCTBe. HO B PENIATHBUCTCKOI TEOPHUH JIOKAJIHHBIE BO BPEMEHH MPOIECCHI
JIOJIKHBI OBITH JIOKAJTBHBI U B IMpocTpaHcTBe. TakuM 0Opa3oM, Teopus J0JKHA O3B0~
JISITH OMUCBHIBATH IUHAMUKY B CJIy4ae, KOTJa B3aUMOJIEHCTBUE SBJIAETCA HEJOKATHHBIM.
Kak 6nu10 0oTMedeno Boime, hopmanuam OK/JI nozsosser chopmynupoars 3¢ derTns-
HYIO TEOPHIO, SBHO YYUTHIBAS €CTECTBEHHYIO HEJIOKAIBHOCTH 3(h(HDEKTUBHOTO B3aUMO Ieli-
creus. B ciyuae adhekTrBHOI TeOpun, OMUCHIBAONIEH B3aNMOIEHCTBIAE IBYX CUTBHBIX
BCTPEYHBIX JIA3EPHBIX IIYIKOB B BAKYYMe, JOJKHBI MOCTPOUTH 3(PQPEKTUBHBII onepaTop
B3aMMOJIEHCTBUS MEXK/y KBAHTOBAHHBIM PATUAIIMOHHBIM [OJIEM ¥ BHEITHUM MOJIEM Jia-
3epHOro u3nydenus. I3 cKa3aHHOTO BBIIIE CJIEYET, YTO STOT ONEPATOP HE MOXKET UMETh
bopmy

Hi(ta,11) = —2i6(ts — 1) /H(t,x) P,

U CJIeIOBATEIBHO, MJIOTHOCTh TAMUJIBTOHUAHA HE MMeeT CMBICTIA. MBI TOIKHBI TOCTPO-
UTh ITOT OMEPATOpP B3aWMMOIEHCTBHUS MyTEM CYMMUDOBAHWS BKJIAI0B OT TMPOIECCOB,
BaXKHBIX 71 JaHHON 3 dexruBHoit Teopun. PyHmaMeHTaIbHON Teopueil, u3 KOTOpOii
JTOJIZKHBI U3BJedb WH(MOPMAIIUIO O TAKUX MPOIECCax, ABIAETCS KBAHTOBAS 3JEKTPO/IU-
Hamuka. QeiiHMaHOBCKUE TUAarpPaMMBbI, OMKUCHIBAOIINE «(DYHIAMEHTAIBHBIES MTPOIECCHI
B HAIEl HU3KOIHEPTeTUIECKO Teopun, n3o0paxkeubl Ha puc. 1. CyMMupys BKJIIBI OT
COOTBETCTBYIOIINX YIIOPSTOYEHHBIX BO BDEMEHU JHATPAMM, TIOJIyYIaeM

Hint(t27t1) ==
1
= f§/d4x1/d4x2 A”l(xl)HMM(zl,zg;A)A“z(xg)é(z(l) ftl)é(:ng —t2). (20)

rae 11, 4, (21, 22; A) — omeparop nospusalmu (OTOHA B IPUCYTCTBIN BHEITHETO SJI€K-
TPOMATrHUTHOTO TIOJIsA A,

HNlH? ($1, T2; A) = —itr [(B’Yl“)G(.ﬁl, x2)(€’7H2)G(I2a $1)] -

- 2i/dac3 tr[(eyy, )G(xe, x3)(evu, )G (23, 21)] A (23) + - - -,

G(x;, ;) — smexTpoHHBIi npomaratop B Bakyyme. Omeparop (20) onuceisaer 3ddex-
TUBHOE B3aWMOIEHCTBUE DPATUAIIMOHHOTO MOJIS C WHTEHCUBHBIM TIOJIEM JIA3€PHOTO W3-
sgydenus. O4eBUIHO, YTO ITOT OMEPATOP B3AMMOIELHCTBUS SABJISETCA HEJOKAJIBHBIM KAK
B IIPOCTPAHCTBE, Tak U BO Bpemenu. Crenyer OTMETHTD, YTO HEJIOKATbHBIE OMEPATOPI
B3aMMOJIEHCTBUSL JIOJIZKHBI YIOBIETBOPSTH YCIOBUIO

ta tq

ty —t

Hint(tQ;tl)t2:’tl/dt4/dt3ﬁHint(t2at4)Hint(t3,t1)+0(T6). (21)
t1 t1
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Oro neobxoaumo, urobbr OIY ¢ rpanudHbIM yciaoBueM (2) MMENO eJIUHCTBEHHOE De-
menne. OZHAKO, KAK MOXKHO TTOKa3aTh, oneparop Hint(t2,t1) He yIOBIETBOPSET 3TOMY
coorHomenno. Ou3ndeckn 310 03HAYAET, YTO OH HE JIEXKUT JIOCTATOUHO OJIM3KO K WC-
komoMmy pemtenno OIY. OpHako ¢ moMompbio cooTHomenus (21) MOKHO JOTOJTHUTD
HAIIl ONEPATOp UYJIEHAMU, KOTOpPbIE OYIyT HpeJcTraBjisTh COO0H TpexxBocTKU (Iporec-
Cbl, B KOTOPBIX CXOJATCs OjiHa (DOTOHHAS W JIBE 3JIEKTPOHHbIE JMHUM), IPUYEM BHEIII-
HUE 3JIEKTPOHHBIE JINHUU OYIyT OJETHIMHU B jla3epHOM mojie. Takum oOpa3om, onepaTrop
Hipnt(t2,t1) onpemensieT OCHOBHO# BKJIaJ M BECh BUJI OTIEPATOPA B3aNMOIEHCTBHSI.

3akJiroueHue

Ha npumepax MIOOHHBIX ATOMOB, ATOMOB CO CBEPXKPUTHYECKUME 3apsAIaMu siIpa
U PeHeparyy CTapiinX FapMOHUK Ja3epa HAKAYKU U3 BaKyyMa MPOJIEMOHCTPUPOBAHbI
HOBBIE BO3MOXKHOCTH, KOTOpbIe hopmanusm OK I oTKpbIBaeT jiisi pereHus pa3inaHbIX
mpo0JIeM, CBSI3AHHBIX C y4IeTOM 3(M@EKTOB MONAPU3AINNN BAKyyMa, B aTOMHONH (Hu3n-
Ke, ATOMHOM CIIEKTPOCKOINHU M KBAHTOBOW onTuke. Ha oCHOBaHWM MPOBEIEHHOIO HAMU
aHaIM3a MOXKHO CJIEJIATh CJIEIYIONIHE BBIBOJbI, KACAIOIIMECS TPEUMYIIeCTB (hOPMAIIn3-
va OK/JI no cpaBrenuto ¢ apyrumu merogamu. @opmanuzm OKJI no3Bosser pemuTh
npobsiemy cBsizanubix cocrosauii B K9JI 6e3 obpaineHus K UCKYCCTBEHHON MPOTIE/Ty-
pe BKJIIOYEHUS U BBIKJIIOUEHNST B3AUMOIEHCTBUS B CUCTEME, KOTOPAS UTPAET KJIIOUEBYIO
POJIb B CTAHJAPTHOM IMOIXOIE K PEIIEHUIO 3TO# MpobieMbl, OCHOBAHHOM Ha, (DOpMATA3ME
ammnabarndeckoit S-marpuirsr [15-18]. Ocobennoctrio OV sBisiercst To, uTo oHO dop-
MYJUPYETCS B TEPMUHAX AMILTUTY/] BEPOSTHOCTH TPOIECCOB € OMPEIeTeHHBIMUA BPEMe-
HAMU Hadajia ¥ KOHIA B3auMoelicTus. [109ToMy npu Onucanun CBA3aHHBIX COCTOSHUM
HET HEOOXOAMMOCTH BKJIIOYATH U BBIKJIIOYATH B3AUMOIEHCTBUE B CHCTEME: JOCTATOTHO
B TeX Caydasix, KOTJa 3TO HEOOXOIMWMO, MPOCTO YUNUTHIBATH BKJIAJBI OT TPOIECCOB, B
KOTOPBIX B3aUMOJIEHCTBUE TPOUCXOIUT B OMpPEIEJIeHHOM WHTEPBaJe BpeMeHnu. BaskHbIM
SIBJISIETCSL TO, 9TO B 3TOM CJIydae HeJb3sl Pemarh mpodJeMy, UCIOIb3ys S-MaTpUILy
paccesinusi, KOTOpas MO OMpPeJeeHII0 He HeCeT HUKAKOHM JuHAMUYIeCKONH nH(MOPMAIINH.

Ha npumepe MIOOHHBIX ATOMOB U ATOMOB CO CBEPXKPUTHYECKUM $/IPOM OBLIO MOKa-
3aHO, 9TO MPUOJIMIKEHNE, KOTOPOe 00ecrnednBaercs cTanaapTabiMu meromgamu K9/, oka-
3BIBAETCS HEJOCTATOYHO XOPOIIUM st PSAa 3a1ad9. B 19MOOBCKMIA CABUT SHEPreTHde-
CKHX yPOBHEl MIOOHHBIX ATOMOB, KOTOPBIE OBLIN OMPEJEIEHBI ¢ TOMOIIBIO (DOpMATU3Ma
anmabarndeckoin S-MaTPHUIbI, JOMKHA OBITH BK/IIOYEHA MOMPABKA, MTPEBDIIIAONAS [10-
npaBky Yuuamena— Kposna. Cocrosinust aTOMOB €O CBEPXKPUTUUECKUM SIPOM OMUCHIBA-
I0TCS HE ONPEIEJICHHBIMA YHEPTUAME (BO3MOXKHO KOMILJIEKCHBIM ), KAK MPEIII0/Iaranoch
paHee, a SHEPrEeTUUECKUMU pacrpeaeeHussMu. Pacnpeaenenue HectabnuaIbHOrO BaKyyMa
B TI0JI€ CBEPXKPUTHIECKOTO SIPa MOYKET CYIIECTBEHHO BIUATH HA MPOIECC PACTIAIA YKA-
3aHHOIO BaKyyMa M HA SHEPreTUYECKUil CIEKTP POXKIAIOMIUXCS [IPU ITOM MO3UTPOHOB.
Baxwuoit ocobennocrsio OIY gBisiercs TO, 9TO OHO JIOMYCKAET HEJIOKATbHBIE BO BpEMe-
Hu B3aumozeiicteus. [pu nocrpoennn 3 HeKTUBHBIX OTIEPATOPOB B3AMMOILHCTBUS ITO
MMO3BOJISIET YUUTHIBATH €CTECTBEHHYIO HEJIOKAJIBHOCTH 3D (MEKTUBHOTO B3aUMOIEHCTBUS
KaK B MPOCTPAHCTBE, TAK W BO BPEMEHHU, UTO OBLIO MPOJEMOHCTPUPOBAHO HA MPUMEDE
noctpoerust 3(pGEKTUBHOTO ONEepaTopa, OMUCHIBAIOIIEr0 B3aUMOJAEHCTBHE C MOJIEM Jia-
3ePHOTO U3y YCHUS.
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JepanbHOit meneBoit mporpaMmbl « Hayamrbie n Hay9HO-ITe1arorndeckKne Kaapbl HHHOBA-

muonHoit Poccuny na 2009-2013 roxpr (I'K Ne 02.740.11.0428).

Summary

R.Kh. Gainutdinov, A.A. Mutygullina, A.A. Vasilev, A.S. Petrova, M.A. Khamadeev.
Vacuum Polarization and the Nonlocality Effects in the Interaction of Matter with Intense
Electromagnetic Fields.

New possibilities that the generalized quantum dynamics formalism opens in atomic
physics, atomic spectroscopy and quantum optics are discussed by using the examples of
muonic atoms, supercritical atoms and intense laser fields. Our analyses demonstrate the
advantages of the formalism in comparison with the standard methods in describing the
bound states in mounic atoms and atoms with supercharged nuclei, as well as in deriving
the effective interaction operator of the radiation field with a strong external field.

Key words: unstable vacuum, muonic atoms, superheavy nuclei, effective light-light
interaction.

JIuteparypa

1. Borie E., Rinker G.A. The Energy Levels of Muonic Atoms // Rev. Mod. Phys. — 1982. —
V. 54, No 1. — P. 67-118.

2. Watson P.J.C., Sundaresan M.K. Discrepancy between Theory and Experiment in Muonic
X Rays — A Critical Discussion // Can. J. Phys. — 1974. — V. 52, No 20. — P. 2037-2058.

3. Borie E. Lamb shift in muonic hydrogen // Phys. Rev. A. — 2005. - V. 71, No 3. —
P. 032508-1-032508-8.

4. Eides M.I., Grotch H., Shelyuto V.A. Theory of Light Hydrogenic Bound States (Springer
Tracts Mod. Phys. V. 222). — Springer, 2007. — 278 p.

5. Barrett R., Jackson D. Nuclear sizes and structure. — Oxford: Clarendon Press, 1977. —
576 p.

6. Greiner W., Miller B., Rafelski J. Quantum Electrodynamics of strong field. — Berlin;
Heidelberg: Springer-Verlag, — 1985. — 594 p.

7. Reinhardt J., Miller U., Miller B., Greiner W. The decay of the vacuum in the field of
superheavy nuclear systems // Z. Phys. A — Atoms and Nuclei. — 1981. — V. 303, No 3. -
P. 173-178.

8.  Mourou G.A., Tajima T., Bulanov S.V. Optics in the relativistic regime // Rev. Mod.
Phys. — 2006. — V. 78 — P. 309-371.

9.  Yanowsky V., Chvykov V., Kalinchenko G., Rousseau P., Planchon T., Matsuoka T.,
Maksimchuk A., Nees J., Cheriauz G., Mourou G., Krushelnick K. Ultra-high intensity-
300-TW laser at 0.1 Hz repetition rate // Opt. Express. — 2008. — V. 16, No 3. — P. 2109—
2114.

10. Hapoowenwii H.B., Byranoe C.C., Myp B./., ITonos B.C. O poxpenun e e” -map cram-
KHUBAIOIMMUCS 371eKTPOMarHuTHbIMU uMmiryascamu // Tlucema B 2KDT®. - 2004. - T. 80,
Beim. 6. — C. 434-438.

11. Gainutdinov R.Kh. Nonlocal interactions and quantum dynamics // J. Phys. A: Math.
Gen. - 1999. - V. 32, No 30. — P. 5657-5677.

12.  Gainutdinov R.Kh., Mutygullina A.A. Nonlocality of the NN interaction in an effective
field theory // Phys. Rev. C. — 2002. - V. 66, No 1. — P. 014006-1- 014006-13.

13. Tatnymdunos P.X. EcrecTBenHoe ymmpemHue CIeKTPAIbHBIX JIHHUI MHOT03apSIIHBIX

MOHOB 1 po6JiemMa MOBEPXHOCTHBIX pacxogumocteii // 2KDTD. — 1995. — T. 108, Beim. 5. —
C. 1600-1613.



192

P.X. TATHYTINHOB 1 IP.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gainutdinov R.Kh., Iyudin A.S., Mutygullina A.A. Description of the polarization effects
in the muonic atoms within the framework of generalized quantum dynamics // Proc. of
SPIE. - 2006. — V. 6181. — P. 618113-1-618113-10.

Gell-Mann M., Low F. Bound States in Quantum Field Theory // Phys. Rev. — 1951. —
V. 84, No 2. - P. 350-354.

IIlsebep C. Brenenne B pesaTUBUCTCKYIO KBAHTOBYIO Teopwio mosist. — M.: V131-Bo mHOCTD.
aut., 1963. — 842 c.

Beceaos M.T., Jla6soscxuii JI. H. Teopus aroma. Crpoenue 371eKTPOHHBIX 060109€eK. — M.
Hayxa, 1986. — 327 c.

Jab63osckuti JI.H. Teopus aroma. KBautoBas 3/1eKTpoaumHAMIKA 3TEKTPOHHBIX 000/I09€K
u uponeccsl uanydenuns. — M.: Hayxka, 1996. — 305 c.

Bergem P., Piller G., Rueetchi A., Shaller L., Schellenberg L., Schneuwly H. Nuclear
polarization and charge moments of >**Pb from muonic x rays // Phys. Rev. C. — 1988. —
V. 37, No 6. — P. 2821-2833.

Haga A., Horikawa Y., Toki H. Reanalysis of muonic *°Zr and 2°*Pb atoms // Phys.
Rev. C. —2007. - V. 75, No 4. — P. 044315-1-044315-8.

Bacuaves A.A., Tatinymdunos P.X., Mymwieyssuna A.A. TIonpaBKu BHICITUX MOPSIIKOB K
15MBOBCKOMY CIBUTY B MIOOHHOM Boziopoze // Yuen. 3am. Kazan. yu-ra. Cep. ®@us.-marem.
mayku. — 2008. — T. 150, xu. 2. — C. 79-85.

Kinoshita T., Nio M. Sixth-order vacuum-polarization contribution to the Lamb shift of
muonic hydrogen // Phys. Rev. Lett. — 1999. — V. 82, No 16. — P. 3240-3243.

Kottmann F., Amir W., Biraben F., Indelicato P., Julien L., Kazamias S., Nez F.,
Conde C.A.N., Santos J.M.F. Dos, Veloso J.F.C.A., Huot O., Knowles P., Mulhauser F.,
Schaller L.A., Schneuwly H., Hansch T.W., Pohl R., Hartmann F.J., Schott W.,
Dhawan S., Hughes V.W., Liu Y.-W., Rabinowitz P., Tagqu D. The Muonic Hydrogen
Lamb Shift Experiment at PSI // Hyperfine Interact. — 2001. - V. 138. — P. 55-60.

Backe H., Senger P., Bonin W, Kankeleit E., Kramer M., Krieg R., Metag V.,
Trautmann N., Wilhelmy J.B. Estimates of the nuclear time delay in dissipative U+ U
and U + Cm collisions derived from the shape of positron and delta-ray spectra // Phys.
Rev. Lett. — 1983. — V. 50, No 23. — P. 1838-1841.

Schweppe J., Gruppe A., Bethge K., Bokemeyer H., Cowan T., Folger H., Greenberg J.S.,
Grein H., Ito S., Schule R., Schwalm D., Stiebing K.E., Trautmann N., Vincent P.,
Waldschmidt M. Observation of a peak structure in positron spectra from U+ Cm
collisions // Phys. Rev. Lett. — 1983. — V. 51, No 25. — P. 2261-2264.

Ahmad I., Austin Sam.M., Back B.B., Betts R.R., Calaprice F.P., Chan K.C.,
Chishti A., Conner C.M., Dunford R.W., Fox J.D., Freedman S.J., Freer M., Gazes S.B.,
Hallin A.L., Happ Th., Henderson D., Kaloskamis N.I., Kashy E., Kutschera W., Last J.,
Lister C.J., Liu M., Maier M.R., Mercer D.M., Mikolas D., Perera P.A., Rhein M.D.,
Roa D.E., Schiffer J.P., Trainor T.A., Wilt P., Winfield J.S., Wolanski M., Wolfs F.L.,
Wuosmaa A.H., Young A.R., Yurkon J.E. Positron-electron pairs produced in heavy-ion
collisions // Phys. Rev. C. — 1999. - V. 60, No 6. — P. 064601-1-064601-14.

@ox B.A., Kpviwos H.C. O 1ByX OCHOBHBIX TOJIKOBAHWUSIX COOTHOIIEHUs HEOIPEIeIeHHO-
ctu must sHeprun u Bpemenn // 2KTD. — 1947. — T. 17, Bem. 2. — P. 93-107.

Tatinymounos P.X., Mymwieyasuna A.A., Ilemposa A.C. CBsi3aHHbBIE COCTOAHUA B CYyTIEP-
KPUTHYECKUX TOJIAX W 0000INeHHAas KBaHTOBas nuHamuka // Yuen. 3am. Kazan. yH-ra.
Cep. ®u3z.-marem. maykn. — 2009. — T. 151, xu. 1. — C. 74-81.



TTOJIAPM3BAIINA BAKYYMA 11 9®PEKTHI HEJIOKAJTBHOCTM. .. 193

29. Piazza A. Di, Hatsagortsyan K.Z., Keitel C.H. Harmonic generation from laser driven
vacuum // Phys. Rev. D — 2005. — V. 72, No 8. — P. 085005-1-085005-23.

ITocTynmia B pemakiinio
19.05.10

TatinytauaoB Penar XaMuToBud — 10KTOp (GU3UKO-MATEMATHIECKUX HAYK, TPodeccop
kadenper ontuku u Hanodorornku Kazanckoro (IIpmsomxkckoro) demepagbHOro yHUBEPCH-
Tera.

E-mail: Renat. Gainutdinov@ksu.ru

MyTeirynnauaa Aiiryns AxMaAyJaJoBHA — KaHAUAAT (PU3NKO-MATEMATHIECKUX HAYK,
nmonenT kadeaper o6meit dusnkn Kazanckoro (IIpuBomkckoro) dbeaepaabHOTO yHABEPCATETA.
E-mail: Aigul. Mutygullina @ksu.ru

BacunabeB Anekcanzap AJiekcaHApOBHY — acnUpaHT Kadeapsl ONTHKH M HAHOGMOTO-
rukn Kaszauckoro (IIpuBomkckoro) denepanbHOro yHUBEPCHTETA.
E-mail: Aleksander. Vasiliev@ksu.ru

IlerpoBa Anekcanapa CepreeBHa — acnmpanT Kadeapsl onTuku u Hanogoronnku Ka-
sarckoro (IIpmBokcKoro) demnepasbHOr0 YHUBEPCATETA.

E-mail: Aleksandra.Petrova@ksu.ru

XamageeB Mapat AKracoBud — aciimpadT Kadeapbl ontuku U Hanodoronnku Kazan-
ckoro (IIpmBomxkckoro) demepasbHOrO yHUBEPCUTETA.

E-mail: Marat. KhamadeevQ@Qksu.ru



