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B!:m:cHeHHe po.lIH rpa.BRT~ROHHoro IlOJllt B.TeOpHH aneMeHTapmzx 

'IJacTmt H, B 'IJ8C~HOCTH, BKJ!ll'iefrae aToro.o6'l>eKTa B Teopmo KBaHTCr

:aammx nonett JIB.TlfieTCJI npmmmrnanLHOii Heo6XO.I(RMOCTLIO, Hccne,7.tOBaHIDI 

B aTott o6nacTaTonLR:O Ha'IJRHaJJT paaBRBaTLCR, H IIOBTOMy .I(aJite nocTpo

eHHe KBaHTOBO!i TeopRH noneA, OTJIH'IJHl:lX OT I'pa.BHT~HOHHOro, Ha qx>He 

pHMaHOBa MRpa npe.I(CTaBJIIIeT CYllleCTBeHHOe IlpO.I(BIDlteHHe Ha rryTH K 

pememm yxaaaHHott rrpoCSneMl:l. I'paBRT~HoHHoe none npa Ta.KoM rro.l{xo

.ne BHCTyIIaeT, cornacHo 3AHmT;ffey, KaK BHemHee KJiaccli'IJecKoe none. 

Sa.ztatJa RBaHTOBaHWI rronea Ha ipoHe pRMaHOBa MRpa CS1rna 

BnepBHe IIOCTa.BneHa H,A,qepHllROBllM H ,!(JUI CJiy'IJaeB CRaJUipHoro H 

cnHJiopHoro rronett pemeHa H,A,qepHHKOBHM, S.A.TarHpoBHM,·H,C.IIla-

BoXHHoa/1•2•3/. · 

B npe.ncTaI3JllleMO! .I(HCCepT~RH pemaeTC.fI 38,Ita'IJa KBaHTOBaHIDI 

aneKTpor.m'HRTHOro IIOJUI Ha qx>He pHMaHOBHX MHpOB, .UnccepT~HR coo

TORT H3 BBe.I(eHM, Tpex rna.B H rrpMO.llt6HHR:. Bo BBe,I{efflm .z:taH KpaTRI'ltt 

o6aop paccMaTp:imaeMOtt aa.ztatJH H IIOJiy'IJeHH!lX peaynr,TaToB, 

B rrepBott rna.Be ycTaHa.Bn:imaeTcn rJIY60KaR cMaL Me.amy ypa&

HeHIDIMH .llHpaKa H ypa.BHeHIDIMM MaKCBenna, orrpe.neJIReTC.fI CKaJUipHoe 

rrpoHSBe,l(eHRe B IlpOCTpaHCTBe pemeHHtt ypaBHeHHii MaKCBenna, Ha 

OCHOBe aToro CKa.TlfipHOl'O npoHaBe.I(eHHfl qx>pMyRHpYJOTC.fI o6mne IIpaBWia 

KBaHTOBaHHfl aneRT!)OMarHRTHOro IIOJIR B pHMaHOBHX MHpax, .I(OKaauBaeTC.fI 

KOHqx>pMHaR HHBapHaHTHOCTI, STHX IIpaBM, ~pallteHHeM ROHqx>pMHott RH

BapHaHTHOCTH rrpaiiH.71 RBaHTOBaHIDI .fIBJIReTC.fI ROHqx>pMHa.fI RHBapHaHTHOCTL 

IIOBe,I{eHWI qx>TOHOB, 

IIOHRTJle cmrnopHoll CBR3HOCTl1 B03HJ1KJIO np11 peweH1111 c11e,ny10meJ;1 3a

,naqH: 3arr11carh ypaBHeHirn J_11paKa B 06meJ;1 reop1111 OTHOCJ1TeJ1bHOCT11.!{aK 

H3B6CTHO, aTa npo6neMa 6una pemeHa B.A.~KOM H .n • .n.lrnaHeH

R0/4-I2I. Ilocne,I{OBaTeJU,HOe pacci~TpeHHe ypaBHeHHtt .llnpaKa B pn-
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MaIIOBUX MHpaX C coxpa.HeHHeM li pa3BHTHeM TO'Clltli speHIDI a.KapTa.Ha 

Ha ClllffiOp Ka.It Ha BllOJIHe orrpe~eneHHUtt reoMeTpR'IeCKmt o6~eKT 

6uno npoBe.rielio tt:A. lJepHmtC>BllM n: H~-C~Illa.BomofV2 ,3,I3/. B nepBOM 

rraparpaipe r.naBH'rioita.3ruro, "IT<> cmmopHaJi CBlISHOCTI> ~Ka-H:BaHemco 

• Q d , ns~eHHSJI B pa66i-d2 ; 3 ,·I3/, HrpaeT He MeHi,myD pon1, Iti 

npH sarrucu -ypaBHeHmt MrutcBeJIJIB.: B ci6111ett ·TeopIDI OTHOCHTeJIJ,HOCTH. 

Rax ll0Ka38.HO B .iriiccepTanllll, ypruiaeHHII Mrutc:aeJlJla B pm.18.HOBHX 

r..aq>a.X 'M<imio sarrucaT1> B BEl4e 

. - HdD~F = 0 (I) 

r~e Dc1.F = ec1.-F + Q°"F- F Qd. ' T.e. B_ B~e yp~ 

H8HIDI_)lRpaKa. TrutliM o6pa30M YCTaHOMeHo, t!TO 3AeKTpOMaI'HliTHOe H 

cmmopHoe llOJUI, rrpH BCeM RX pa3AR'Imt, :IIMeJDT l'I o611!ee OCHOBa.Hlle. __ 

KomfopMHOe BeKTOpHoe none KMARHra J{d. , Ka.It H3B8CTHO, 

y~oMeTBOp;IeT ypaBH8HHIIM 

D<J.K; + D,, Hc1.. = 2 'loLft J. 
3TH ypaBHeHHII IDl.elDT HeTpl'IBHaJil,HOe pemeHHe B TOM H TOR¥CO B TOM 

C.nytiae, KOr~a pIDvla.HOB MHp ~onycKaeT rpynny ROHqJOpMHHX npeo6paso

Ba.Hl'Itt. Bo BTOpoM rra~rupe ~~KasaHo, tJTO orrepaTop X . , rrpeBpa-
o-- · - 1-{J[t'-D-· er er · · t 

lllallllmi 6HBeKTop Jcij B 6HBeKTop -in 'f- J «ft + J;,i.f- D13 }{ + 

+ y;, Dc1.X'f- -infli/n BeKTOpHUtt llOT8Hlll'IM /' !~ : B ~eKTOp~tt . 
rroTeHUHM -di { J[1'Drflci. + .11.r Dc1.X j - di Jlo(_, 
~ettCTByeT B rrpOCTpa.HCTBe pemeHHtt ypaBHeHmt MaKcBeMa. 3To eCTJ, 

orrepaTop KoHqiopMHoro MOMeHTa HMnyRl>Ca aneKTpOMarHHTHoro rroJUI. 

B TpeT1>eM H tl8TBepTOM naparpaqax orrpe~eJUieTCJI a.HTHC~ 

MeTpH"IHOe CKaRJipHOe rrpoH3Be~eHHe 

4 

.~~ (.fl_, B) = j(B".llvfl -Jlv8vf)Jot'
Z 

(2) 

B npOCTp8HCTBe pemeHRtt ypaBHeHl'Itt MrutcBeAAa,~OKa3HBaeTM ero Ka-· 

AE:6poBO'IlIWI HHBaplia.HTHOCTJ, ll ycTaHaBAl'IBaJDTCJI CR8.ItYllllli8 CBOttCTBa: 

(Jl ,' B) = ( B; fl), . (3) 

(B ~fl_} =J ][ 11 

Nv/l do~ (4) 

I: 
3~ec1, JL 11 f , 8vf- napa pememi:n ypaBHeHrui MrutcBe.1IJla , 

HM81WIHX IIOT8Hllll3Jlll ./1_ v , B)) , . 
- ~ ~ j_ .· /J . B ci.f3 0 B• "'-JJ JI B cl} 
Nf-v - 2 llfwJl""ft -f-Jlfd.. VJJJ + vot. '!1.J3f ' 

,vrl. . 
JL - KoH{papMHHtt B8KTOp KRIJJIIDira. Cne~CTBH8M (4) JIBJUieTCJI 

paBeHCTBO 

z-f{( A, Xfl.) = J J[fl~v do~ (5) 

X: " 
CBlISHBall!\ee cpe~Hee :mat1eHne orrepaTopa J[ OTHOCHTeRl>HO CRa-

MpHoro rrpOH3Be~emm (2)' C BHPallteHHeM KOHqJOpMHoro MOM8HT8. HM

nyn1,ca rroM-t1epes TeHsop aHepr:im-m.myR1>ca. 

KMHTOBa.Hl'le aneKTpoMal'HHTHOro llOJISI ~a.lite B nnocKOM C.nytiae 

C caMOro Hat1ana BH3HBaJlO 60RJ,ll1He TPY~HOCTH, Ta.It Ka.K o~asanoc1,, 

t1To K·aneKTpoMarnWi-HoMy noJID rrpo~ema KaHOH1Jtiecttoro KBaiiToBaHIDI 

. Henocpe~CTBeHHO He rrp:i!MeHnMa. B R3BeCTHUX pa6oTax nnpaKa, IIaynn, 

renseH6ep~a. ~Ka, ~epMH aTH Tpy~ocTii: rrpeo~one:Ba.JUic1> :reM MR 

HHHMcnoco6oM: B-MTOM·naparpaipe nsnaraeTCJI Ham rro~xo~ K rrpo6neMe 

5 



KBa.HTOBa.HIDI aJieKTp0Mal'HHTHOro IlOJlH. OH mMeeT OCHOBa.HHeM BBe,lleH

HOe Bhlllle cKaJI.HpHoe npoHirneJ(emie ( .Jl 1 B} B rrpocTpa.HCTBe peruemtli 
c' 

ypaimeHHff MaKcBeJIJia. H BUpruita.eTCJl Ilpa.BHJI8MH KBa.HTOBa.HmI, IlpHI'O,ll-

HllMH B JII060M pmMB.HOBOM MHpe H, KOHeqHo, B TOM qHcJie KB IIJlOCKOM 

MHpe. 

KoHifiopMH8.ll HHBapHa.HTHOCTL IlOBe,lleHIDI ifioTOHOB 03HaqaeT, qTo 

ifioTOHll Be;zyT ce6Jl B MHpe C HeKOTOpoii MeTpHKOii d s2.= <]r:1..fl dx"'dxfl 
TaK l!e, ruut H B MHpe C MeTpHKoii 

d s*i = 3\xo, x! .r~ x3J d s~ 

~ ,llOKa3aTeJ[bCTBa JtOCTaToqHo y6e,llHTl,CJl B KOHifiopMHOtt HHBapHa.HT

HOCTH ypa.BHeHHJI (I}, cKaJIHpHoro npoHaB~.lle~IDI ( Jl, B) H HHTer-. 

paJia. (4). 3TO ,llOKaaaTeJILCTBO .Ila.HOB mecTOM naparpaq,e. KoHifiopMHM 

KHBapHalITHOCTL Tecuo CBJl3a.Ha C aBTOMO,ll8JILHOCTLil I'JIY60KOHeyrrpy

I'IDC nponeccoB,o6ocHoBaHHott H.H.Eoro.mo6oBHM, B.C.Blla,nKMHpOBHM, 

A.H.TaBxeJinna/I4,r5/~ 

B ce,lll>MOM, 3a.KJIIO'IHTeJll,HOM, rrapa.rpatlie rrepBoii I'Jia.Bll CHO

BllXll03HUHff, H3JIOl!eHHHX B IDITOMnaparpaqie, paccMOTpeHa xopomo 

H3BeCTHM KYJIOHOBCKM KaJIH6poBKa RBaHTOBOtt TeopHH aJieRTpoMa.I'HHT

Horo noJIH. 

Bo BTOpoii rJia.Be o6mHe IIpHHnlillli KBaHTOBOii TeOpHH aJieKTpo

Ma.I'HHTHOro IIOJlH peaJIHaymCJI Ha IIpmMepe.KOHifio~MHo-cTaTHqeCKKX pH

Y.a.HOBHX MHpOB. CTaTHq~cKHff pmMB.HOB MHp MOZIIO rrpe,llCTaBHTL KaK rrpa

MOe IlpOH3Be,lleHHe BpeMeHHOtt OCH TH TpeXMepHOI'O pHMaHOBa IIpoCTpa.HCT

Ba V3 • ~ cpa1me11HJ1 ~aMeTHM, qTo nJiocKHA MHp MOlEHO rrpe,llCT~HTL., 
, ' ., ' ' : " -. 

KaK IIpJIMOe IlpOH3Be,lleHHe OCH BpeMeHH TH eBKJIH,I{OBa IlpoCTpa.HCTBa 

E 3 • TaK~ o6paaoM, pa.ccMOTpemie KBaHTOBott Te~pHH aJieKTPOMar-
• • J --, ~ • . - ~~ • • vi 

HHTHOI'O IlOJlll B TBXHX MHpaX JlBJllleTCJl BalEHHM K HHTepecHHM XOTJl 6u 
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llOTOMy, qTo npHBO,llHT K BHJlCHeHIDJ TOrO,Ka.K BnHHeT 3&1eHa 

eBKnimoBa rrpOCTpaHCTBa Ha PHMaHOBO~ 

KpoMe Toro.' BBH,Jzy ,llOKa3aHHOtt KOHqlOpl,'ll!OI HHBapHa.HTIIOCTK 

IlOBe,lleHHJl ql()TOHOB Ha!)JUtY co CTaTH'l'.eCKHMH pKMaHOBHMH MHp8MH M!l 

OXBaTHBaeM H KOHifiopMHO-CTaTH'JeCKHe pHMa.HOBll MHpll ~nnMa.Ha. . 
B nepBOM naparpaq,e rro~eIDl ypa.BHeHHJI .llJlH nonepeqHott 

COCTa.BJllinitett, BeK~OpHoro IlOTettnRa.lla. 

l3o BTOpoM naparpaq,e HCCJie,llOBaHll CBOttCTBa orrepaTopa 

. ,s· == :t: d . 
ROTOpllii ll03BOJJReT ,llaTL KBa.HTOBOMeXa.Hll'JeCKOe, OllHCa.HHe IlOJIHpH3anHOH

HHX COC~OJIHHff aJieKTp0Mll'HHTHOro IIOJ!Jl. IlpH 3TOM ycTallo~eHo, qTQ 

Ha.JmqHe Y aJieKTpoMBI'HHTHOI'O IIOJlll ,llByX COCTomrHff.IlOJ!JlPH38llHH JlBnJieT

CJl CJie,llCTBHeM Ta.KIDC CBOiiCTB npocTp~ICTBa, Ka.K opHeHTHp:yeMOCTL H 

KHBapRa.HTHOCTL OTHOCHTeJILHO H30MeTpH'leCKRX OTpaEeHHff. 

B TpeTMM rraparpaq,e Hatt,lleHH co6cTBeHime a11aqemm H co6cTBeH

Ime BeKTopu o~epaTopa P · .llJlll c.nyqaa TpeXMep11on cqiepu, qTO noaBo

JIHJio IIOJIY'IHTL BecL c~eKTP qacTOT aJieKTpoMal'HHTHOI'O IIOJ!!I B cq>epH-

qecKOM npocTpaHCTBe. MHHHMa.JILHrut qacToTa OKaaaJiaCL OTJiffqHOii OT ' zc .. ' 
HY Jlll H paB!foii V min = y , r,lle . C - cKopocn cBeTa, 

7. - a6coJIDTHM ,llJIKHa (p8,lleyc 3-cqiepu) .11HTepec110, qTo .llJlll 6ea-

MaCcoBoii CKaJIJlpHoii qacTHUH . V min = .f /I/, a .llAA HetiT-

pHHO V,111n =. li /IG/. 3,llecL Jierno ycMaTpKBaeTcJI 3aBH-

CHMOCTL . Vm1 n OT crrHHa. 

BTOpBJl I'JiaBa 38.BepmaeTCJl ( §, 4) rrocTpoemieM JtY.IIOHOBCKOii 
' . . . 

KaJIH6.PO_BKH KBa.HTOBOii TeopHH a~eKTp0MarHHTHOI'O IlOJIJl B KOHifiopMHO-

CTaTl!'IeC~HX pHMa.HOBHX r.mpax._ CKaJIJipHOe npOH3Be~eHHe (a, CJie~oBa

TeJILHO, H IIpa.Bwm KBaHToBamm) BHpa.EaeTCJI qepea rrorrepetJHYIJ coc-
. .',, 

Ta.BJllIDeyl) BeKTop11oro,noTeHnHaJia.. IloKaaa.Ho, qTo nepecTaHOBoq11rui: 
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cpymmlim rrorrepeqHoil COCTa.BJUIIOOleil BTOplr<rHO KBa.HTOBamroro BeKTOpHO

ro rrOTemum.11a .rtaeT pemenrre sa.rtaqn KomH wm orrpe.rteJIIIllIIHX ee 

ypa13nenHil. STrr yprumeHIDI peme1ru pas.zteJieHHeM rrepeMemrux, qTo 

IlO3BOJIHJIO BBeCTH ITOJIHyIO cqeTnyD COBOKy-IIHOCTD orrepaTopoB po~e

HIDI H yIIWITOJKeHIDI ipoTOHOB. Ha.fu(eHO B!lp!llltemi:e ,ItJIR: BTOpHtIHO KBa.H

TOBa.HHOI'O orrepaTopa KOHipopMHoro MOMeHTa IDvmyJIDCa, orrpe,IteJIR:eMOI'O 
a --

BeKTOpHHM rroJieM ot , qepes orrepaTopu polq(emm: H yim"JToxenrur 

ipoTOHOB, Ilo cymecTBy,BTOT orrepaTop RBJIR:eTC.R: orrepaTOpoM 3HeprHH. 

Ero :maqeHHe COCTOHT B TOM, qTO OH IlO3BOJIR:eT O,ItHO3HaqHo onpe.zte

JIIITL Ba.KyyMHOe COCTORHHe 3JieKTpOMa.I'HIITHOI'O noJIR:. 

B TpeTLeft rJiaBe .ztH6cepTBUHH nocJie.ItOBaTeJIDno rrocTpoena 

KBa.HTOBruI TeOpIDI 3JleKTpOMa.I'HllTHOI'O IlOJIR: B cqiepWieCKOM MHpe ,Ite 

CwrTepa~ ·Cpe.rtH pHMa.Howx MHpOB cqiepHtiecKd MHp .rte CwrTepa rrpe,1tc

TaBJIR:eT oco6uil HHTepec. CqiepWJecxHil MHp, Hapll,Ity c ITJIOCKHM MHpoM, 

,ItorrycKaeT ,IteCRTm:IapaMeTpHtieCKyIO rpynrry H3OM8TpHil. B TBXOM Ml'ipe 

Ta HJIH HHM (pH8Htl8CKM CHCTeMa OKa8HBa8TC.R: KaK 6H ITOMemeHHOil B 

cqiepHtiecKHil RmHK. K HCKYCCTBeHHOMy rrpH8My IlOMemeHIDI HSyqaeMoil 

CHCTeMU B ey6WieCKHil RmHK H8p8,ItKO rrpii6e:ram.,ItJUI Toro, qTo6u OT 

orrepaTOpOB C HerrpepUBHHM crreKTpOM nepe.ttTrr K orrepaTOpaM C ,ItHCKpeT

HHM crreKTpoM. IlpH 3TOM BBintY YCJIOBID1 nepHO,Itli"IHOCTH, HaKJia.rtHBaeMUX 

Ha ITOJ18BHe q,yIIKUHH, HM8m' ,IteJIO C 3-MepHHM TOpoM, JIOKaJILHM reo

MeTplim KOToporo OCTaeTCR eBtCJI~OBoff. BecL .Ee MHp OKa3UBaeTCR ITpR

MUM rrpoH8Be,It8HHeM 3Toro Topa·Ha BpeMeHnyD OCD. Ho Taxoil MHp'.ItO

rrycKaeT Bcero JimttL 4-napaMeTpHtieceyX> · rpyrrrry mioMeTpwi. B cqiepR

'iecKOM l!te MHp8 rpyrrrra H30MeTprrff, KaK yite- roBOpHJIOCL, HMeeT ,IteCRTL 

rrapa.MeTpoB. TaxHM o6pasoM, cqiepWiecKRa MHp IlpHBO,ItHT K MeTO.ItY 

HHBaPHaHTHOI'O nmmca, KOTopuff eme B CKaJIR:pHOM H cmmopHOM CJiyqaruc 

6uJI BH.ItBRHYT rr paspa6oTa.H H.A.1IepmmowM, s.A. TarrrpoBHM, H.c.ma .. 
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BOXHHo!l1,I7/. 3,IteCL xe 3TOT MeTO,It_pacrrpocTpaHReTCR Ha 3Jl8KTpo

MarHH'rHO8 rroJie. 

HsyqeHH8 ypaBHeHHH aTOMHOil ~3HKH B MHpe .n;e CHTTepa 6IiJIO 

HaqaTo B 1935 ro.ItY II.Jbq>axor/181. B aToil pat:ioTe oH npe.rtJIOJ!tRll 

Ka.K ypaBH8Hlie ,ItJJ.fi orrrrcamm: IlOBe,Itemm:_ SJleKTpOHOB H. IlO8HTpOHOB, 

Ta.K ll ypaBH0HIDl 3JleKTpoMa.I'HH'rHOI'O ITOJIR:. 

B rrepBOM_rrapa.rpruperJiaBH, rrpHMeIDIR: K ypaBH8HHXl (I) CilHHOp

HYXl TeXHmty, paaBHTYl) B pa6oT/I?/ ~ ypaBH~Hrrff ,UHpaKa, MU 

rrpHXO,ItRM K oco6ott ipopMe ypaBHeHrrti 3JieKTpOlw'.aI'HHTHOro ITOM B cqie:

pWI8CKOM Mrrpe .rte CHTTepa, corJiaCYDlIIHXCSI C ypaBHeHIDIMH, YK8.8a.H

HHMH Jbq>a.KOM. Ocot:iafl ipopMa ypaBH8HHil MaxcBeJIJla o6yCJIOBJieHa TeM, 

'ITO ooe BeJmtIHHH OTHOC.R:TCR K BHenmeMy_ 6asHcy d X , TOr.rta KaR 

B 06111eM CJiyqae OHll OTHOCRTC.R: K BIJYTp8HI18MY t:ia3HCY f .• 

CqiepWieCKmt MRp .rte CHTTepa RBJIR:8TCR qacTHHM -CJIYqaeM KOHipopM

HO-CTaTR'I8CKllX MHpOB. IIoaTOMY BCe pesyJILTaTH, ITOJiyq8HHHe BO BTOpoll 

rJiaBe, OTHOC.R:TC.R: HK MHI>Y .rte CHTTepa. 

Oco68.fl ipopMa 3THX pesyJILTaToB, H3JIOJ;eHHHX BO BTOpoM,~peTLeM 

ll 'ieTBepTOM rraparpaqax TpeTLeil rJiaBH, orrpe,IteJIR:eTCR TeM, qTO Bee 

BeJIHtIHHH oTHOCRTC.R: K BHelllIIeMY 6asrrcy d X , a He K BffYTpenHeMY 

6asrrcy f . 
B .rtnccepTaumr·mrrpoKo rrcrroJILsymC.R: opToroHaJILHHff penep, 

BHemHIIe ,Itl$pepeHD;HaJIDHHe ipopMH. 3TH ITOHRTIDI eme TOJlbKO HaqHHaX>T 

rrpRMeHRTDCR B TeopeTWJeCKOil (pH8HKe, B pa6oTax pa8HHX aBTOpOB HeT 

o6mero corJiaCIDI B-ot:iosHaqeHrurx,rr, KpoMe Toro, pas6pacuBaTD neo6xo

.rtHMUe cBe,IteHHH O HHX no Been ,ItHCCepTBUHH Ha.M KaSaJIOCL HeueJiecoo6-

pa3HHM. TioaTOMy·MU CO'iJlH ffYlKHUM HaITHCaTL IlpHJIOJKeHHe, B KOTOpOM BCe 

Heot:ixo.n;HMHe cBe.rteHIDI rrpe.rtcTaBJieHH Kax'e.rtHHoe ueJioe. 

OCHOBHUe pesyJILTaTU ,ItHccepTBUHll orry6JIHKOBaHH B pat:ioTax 

/!9-24/. 
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