


Relata Refero

JI. b. BoaabipeBa

YTO JAET ®U3UKE
HAJIEJIEHUE
OU3NUYECKOI'O BAKYYMA
CBOMCTBAMMH
CBEPXTEKYUYEI'O *He-B

3

URSS
MOCKBA




BBK 22.313 22.336 22.34 22.3mg

Boaasipesa Joamuaa Bopncosna

Yo pnaer ¢pusnke HageseHHe PHIUUECKOro BAKyymMa cBojicTBaMR
cepxTexyuero *He-B. — M.: Kuwxubiii som «JTUBPOKOM», 2012, — 120 c.
(Relata Refero.)

B Hactosuieil kHUre NOKa3zaHo, 4To, Hajenas Gusndeckuii BakyyM cBOiCTBaMHU
CBEpPXTEKYUEro 3He-B, MoXHO onHcaTh Takue (usuveckue ABNEHHA, KAK U3NyUEHHE,
pacrpoCTpaHeHHE H MOTJIOLLEHHE CBETA, BOIHOBbIE CBOHCTBA MaTepHH, B3aHMOAEIHCTBHIE
KBRHTOBBIX YaCTHI{ C DIEKTPHUYECKHMH MOJIAMH, CBEPXIIPOBOAUMOCTb, MATHETU3M,
a TaKKe JeicTBHE CBEPXMAbIX /103 OHONOrHYECKH aKTHBHBIX BELECTB HA GHONOrH-
yeckue 0OBEKTHI.

Hapareanctso «KHinxneii aom “JIMBPOKOM™»,
117335, Mocksa, Haxumosckwii np-, 56,
®opmar 60x90/16. Ieu. n. 7,5. 3ak. Ne KJ1-26.

Otneuarano 8 000 «TEHAH/».
117312, Mocksa, np-T lllectunecatunerns Oxtabps, 11A, cp. 11.

ISBN 978-5-397-02325-2 © J1. b. Bonasipesa, 2011
© Kunxnsptit fom « TUBPOKOM», 2011

HAYYHAA ¥ YYEBEHARA NUTEPATYPA
E-mail: URSS@URSS.ru 10874 ID 155098
Katanor nananui B MHTepHeTe:
http://URSS.ru
Ten./cbake (MHOrOKaHaNLHbIRA):
URSS + 7 (499) 724-25-45 9 7 5 397

Bcee npasa sawyiensl. Hiukakas 4acTh HACTOAILEH KHUTH HE MOXeT GbITh BOCOPOM3BEACHA MIIH
nepenaHa B kakoil 6b1 To HY OO opMe M Kakumu Gbl TO HHU Obino cpencrsamu, 6yas TO 3aek-
TPOHHbIE HIIH MEXaHHWYECKHE, BKIIOYas (GOTOKONHPOBaHHME M 3ANMCH HA MATHWUTHEIH HOCHTENS,
a Taioke pasMerene B HHTepHeTe, €clM HA TO HET MUCHMEHHOTO Pa3pellenns BajebLes.



OI'/TABJIEHUE

OT U3JATEJIBCTBA.............. ceererte ettt 4
BBEJEHUE ........ccooviiiiiniiintiiinrtcisenincnnicssreneessnsnens .4
()17 (670) o) NoT:111()3 1 12 CHUU TR UT OISR 9
I'nasa 1. CBolicTBa CBEpXTEKYYEro 3He-B, nonoxeHHbIe

B OCHOBY MO/JIEJTH CBEPXTEKYUEr0 (PH3HIECKOTO BaAKYYMa ........ 10
['maBa 2. Buxpe-BOJIHOBOI IIPOLIECC B CBEPXTEKYYEM
(U3NYECKOM BAKYYME ...cocueeuveene creesrenns ceeereeeerareaesnrresneeestasiananas 15
I'naBa 3. BOJHBI MATEPHH ...ccvveveerercreinrerencas ceserenes crsesrereens 24

I'nasa 4. Boisox dopMyn [uis onucaHus
a¢dekra Jormnepa u pe3ynbpTaToB onbiTa Pu3o0.

ITocTynar 0 MOCTOSHCTBE CKOPOCTH CBETA ..vvvvuveiveenriersesesnennens 32
4.1. OmuccronHas Teopus Putna........... et et 32
4.2. Dddext Jo1urepa UM CBETA......covrrerrisrursessaecsnessens o33
4.3. TIpoxoxAeHHE CBETA YEPE3 ABHIKYLUYIOCS CPEAY.

OnBIT OU30..cccvvveeeriierane reereerressae b T vevesntenne crereennnndO

T'naBa 5. DaeKTPUUECKHid AUTIONABHBIH MOMEHT, CBSI3aHHBIH

C BOJIHAMH MAaTE€pPUM KBAHTOBBIX OOBEKTOB ............. ceeresnnne veenedd

I'naBa 6. CBepXIIPOBOJUMOCTS ............ rreeseree e reeresnerennne .64
6.1. DieKTpHUYECKHIA JUTIOIBHBI MOMEHT, CO31aBacMbIit
KYTEPOBCKOR MAPOH...c.crrirurirrrriiisieirinnnn oo T veeene. 04
6.2. O6pa3oBaHne KYMEPOBCKOH MAPHI ......euveunees cereesinrearens .70

I'naBa 7. Maraerusm........ RO veeeeane e st e 14

I'naBa 8. B3aumogeiicTere 065eKTOB B (pU3MUYeCKOM BaKyyMme

IIOCPEJCTBOM CBEPXTEKYYHX CIIMHOBBIX TOKOB ........ veerreens ceeeree82
8.1. JleiicTBHE CBEpXMAJIBIX 103 OMOOTMYECKH aKTHBHBIX
BEIIECTB Ha OMONOTHYECKHE OOBEKTHL....vcvvrenenn ORI veeenee83
8.2. O auCTaHLIMOHHOM BO3IEHCTBHH YEIOBEKA
Ha QU3MYECKUE CUCTEMBI (TICHXOKHHES). ... cveuvenes crerereene veeens 96

BAKJIIOYEHHE...........cccveirnenne vreveeeresrenrens creereeeeeteeeenteaeas 100

JIMTEpPaTypa...coiiiiriniiinnne rrerestesanenes cerereennes ceeseenene resserenaens .106



OT U3OATEJIBCTBA

Orta kHUTa npoxoykaer cepuio «Relata Refero» (nocnosnstii
NepeBOJ — PaccKa3bIBalO paccKa3aHHOE).

IMox stuMm rpuoM H3NATENHCTBO NMPEAOCTABISET TPUOYHY
aBTOpaM, 4TOOBl BBICKa3aTh MyOJMYHO HOBbIE HIEH B HayKe,
060CHOBaTh HOBYIO TOYKY 3pEHHs, JOHECTH A0 OOLLECTBA HOBYIO
HHTEPIPETALMIO H3BECTHBIX IKCIEPUMEHTAIBHBIX AaHHBIX, €tC.

B criope pa3HBIX TOYEK 3peHHs TOJBKO BEPAMKT Bemmkoro
cyaibu — BpeMeHM -— MOXeT CTaTh pEUIAIOUMM H
okoHuaTenbHbIM. CaM ke mponecc noucka McTHHBL Xopomio
XapaKTepH3yeTCs M3BECTHBIM BBICKA3pIBAaHHEM ApPHCTOTEN,
BBIHECEHHBIM Ha OOJIOXKY HacTosiiueif CepHU: aBTOPHTET
y4YHTENs HE JOJDKEH JOBIETh HAJ YYEHHKOM M IPEnsTCTBOBATH
ITIOMCKY HOBBIX IyTEH.

Mpbl HazeeMcs, 4TO IyOJIMKYyeMbIe B 3TOH CEpHH TEKCTHI
BHECYT, HECMOTpPS Ha CBOE OTKJIOHEHHE OT YCTAHOBHMBIIMXCS
KaHOHOB, CBO#t BKJIaj B MO3HaHUe MCTHHEI.

BBEJEHME

C cepenunnl 20 Beka CTalnu MOABIAThCA padOTHI, B KOTOPBIX
npeajaranach Mojenb (PU3MYECKOro Bakyyma, OOJaJalomiero
CBOMCTBaMHM CBEpXTEKYYeH IKHUIKOCTH, COCTOAlIEH U3 1map
IEKTPUYECKH Pa3HOMMEHHO 3apsDKEHHBIX YacTHLl ~ (pepMHOHOB
C HYJIEBBIM CyMMapHbIM crnuHOM napel [1-3]. Takas momens
OMKCHIBAJNIA AUAJIEKTPUYECKHE CBOHCTBA BaKyyMa M POXKACHHUE B
HEM Mmap OJJIEKTPHYECKH pa3sHOMMEHHO 3apsXKEHHBIX YaCTHL
(HanmpuMmep, OSIEKTPOH-NO3UTPOH). CBepXTeKyuHe CBOICTBa
¢uznueckoro  BakyyMa  oObiacHanu — 6e3aMcCHNIATHBHOE
IBIOKeHHE HeOecHBIX Tenl (HampuMep, IUIAHET COJIHEYHOM
CHUCTEMBI) B KocMoce. Pa3BuTHe TEOpHH CBEPXTEKyUMX Cpex
HOBJIMSJIO Ha CO3[aBaéMbie MOJENH (PH3UUYECKOro BaKyyma: B
YaCTHOCTH, CTaJii paccMarpuBaTh (a3oBble MEPEXOIBl B
BaKyyMe, aHaJIOTU4YHbIE (a30BBIM NEPEXOAaM B CBEPXTEKYdeM
*He-B [4-5]. ABropsi paGor [6-8], 6asupysch Ha cBoiicTBax
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cBepXTeKyuero “He, BOISBHIA CBA3b (H3MKH KOHIEHCHPOBAHHbBIX
cpel ¢ TakuMu OOnacTAMHM 3HAaHHS Kak (U3UKAa YaCTHI H
KOCMOJIOTHS.

B mnactosmeit pabore (cM. Takke [9-12]) 3HauuTeNnBHO
pacuIMpeHa aHaIOrMsi MEXIy CBOMCTBaMH (pu3HUYecKOro
BaKyyMa U CBOMCTBaMM CBEPXTEKYYero He-B. B 0CHOBHOM, 5T0
pacllupeHye Mpou3ouuI0 3a cu€T yu€Ta CBOMCTB BHXpEif,
ofOpasymoluxci B  CBEPXTEKy4eM ‘He-B: cmmHOBOH H
9JIEKTPHUECKOH MOJApH3ALHU CPEAbl B BHXPAX, MHEPLUHOHHBIX
CBOWMCTB BUXpeit U CBEPXTEKYUHX CIIMHOBBIX TOKOB MEXIY HUMH.

B raaBe 1 gnanHoii paGoTel mnpuUBENEHB CBOMCTBA
CBEPXTEKYUYETO 3He-B, nonoxeHHsIE B OCHOBY IIpeAjlaracMoii
Mozenu ¢uzuyeckoro BakyyMa. B nmanbHeifiieM ¢usnuyeckuii
BaKyyM C 3THMH CBOMCTBaMHM Oy/leM Ha3bIBaThb CBEPXTEKYYHUM
¢u3nyeckuM BakyymoM (COB).

B raase 2, ucxons u3 cpoiicte COB u Ha OCHOBE MOJIEIH
TPEXMEPHOIO €BKJIMJOBa IMPOCTPAHCTBA M  HE3aBHCHMOI'O
BPEMEHH, BbHIBEAEHBHl YPaBHEHHS, OIMCBHIBAIOLIHE BHXpe-
BoHOBOM mnpomecc B COB. 3T  ypaBHEHMS MOXHO
paccMaTpuBaTh M KaK YpaBHEHHS DPaCIpPOCTPAHEHHS CIIMHOBO-
MarHuTHbIX Bo3MylleHuit B COB (umeiorcs B BUAY CIHHBI
yactui, cocrapisaonux COB, B nanpHeiiniem OyaeM Ha3bIBaTh
HX «MHUKPOYACTHLAMM»). ODJIEKTPHYECKHE SBICHHUS SBIISIOTCS
COILYTCTBYIOILIMMH B 3TOM mpornecce. IlokazaHo, 4To ypaBHEHUS
Makcgeia, OnMCHIBAIOIIKE PACHPOCTPAHEHHE IEKTPUUYECKHX U
MarHUTHBIX BO3MYIICHHH, SBIAIOTCA CICACTBUEM BHIBEIEHHBIX
YPaBHEHHH.

B raaBe 3 nmokasaHo, 4TO BOJIHOBBIE CBOHCTBA KBaHTOBBIX
00BEKTOB MOTrYT OBITH CBSI3aHBI C PEAIBHBIM (PU3MYECKUM
IIPOIleCCOM: CO3JaHUEM O3TUMHM oOnekTamu Buxpeir B COB.
CornacHo cBoiictBam COB B 3THX BUXpSX MPOUCXOIUT
Ipereccuss COMHOB MHKpo4acTul, cocrtasisiomux COB;
yacToTa OSTOH INpeleccCHM TPHHUMAETCA pPaBHOH 4YacToTe
BoMIHOBOM ¢yHkuuu IIpénunrepa KBaHTOBOrO OOBEKTa.
IIpaBoMepHOCTh IIPUHATOIO MOCTYJIAaTa NOKA3bIBAETCH TEM, YTO
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Ha €ro OCHOBE MOXHO  OOBACHHTb  HENblit  psn
9KCIEPHUMEHTAJIbHO  HaOMIOZaeMBbIX  ABJIEHMi:  H3JyYeHHE
¢oToHa MpPU HU3MEHEHHM JHEPreTHYECKOro COCTOSHHUSA aToMa,
B3auMonelictBue (OTOHA C  KBAaHTOBBIMH  OOBEKTaMmH,
Koppensauus no ¢ase HecKoIbKUX (HOTOHOB, 3¢ dexT BaBuiora—
YepeHKOBa, «pEISTUBUCTCKas» NobaBKa K Macce.

Ecnu paccmarpuBarh cBeT Kak mpouecc B COB, To
HEOOXOOMMO peIINUTh HEKOTOphle NpoOieMbl, CBsS3aHHBIE C
BBEJICHNEM TaKOro0 «CBETOHOCHOro 3¢wupa», B YaCTHOCTH,
10Ka3aTh, 4TO 9KCIEPUMEHTAIILHO IIPOBEPEHHEBIE
KHHEMaTHYECKHE ypaBHEHUS CHenHanbHON TEOPHUH
otHocutensHoCTH (CTO) MOXHO HONMYYHTb, OCTaBasCh B
paMKax MOJAENM TPEXMEPHOTO €BKIMIOBA MPOCTPAHCTBA H
HE3aBHCHMOI'O OT HEro BpeMeHH. OTO BhINONHEHO B [1aBe 4.
INoka3aHo, 4TO, MPHHHMAas OSMMCCHOHHYIO TEOpHI0 Purua,
KJIACCHYECKHIf 3aKOH CJIOXKEHHS CKOPOCTEH M  YYMTHIBas
B3aUMOICHCTBUE CBE€Ta C  HM3MEPUTENBHOH  CHCTEMOM
(merekTOpOoM cCBeTa) MM C IPO3PAayHOH Cpenoil, MOXHO uIsid
OIIMCAHHUA MPOAOJILHOrO U mornepeunoro 3¢gdexror omnepa u -
JUIsL OTIMCAaHHs Pe3yabTaToB ombiTa Ou30 NoNy4duTh (HOPMYIIHL,
COBMAJAIONIHE C  BBICOKOH  CTENEHBIO  TOYHOCTH  C
aHasoruyHeMu Gopmynamu, nonydeHHsiIME B CTO. IToka3saxo,
YTO SHEPrus IHPKYIAPHO-NOIsIpU30oBaHHOro (oToHa mnpH
B3aUMOJENCTBIM C W3MEPUMTENbHOM cucTeMoit mpeobpasyercs
[0 TEM K€ 3aKOHaM, YTO M SHEPrus ABHXKYHIErocs
MaTepHabHOTO  00BEKTa, OOJaAalOUEr0  BHYTPEHHHUMHU
BpalllEHUAMH OTHOCHTENBHO LieHTpa Macc. Ha ocHOBe aHaimm3a
9KCHEPUMEHTAIBHBIX M TEOPETHYECKUX MAAHHBIX BBIABUTaeTCS
IPEAIOJIOKEeHHE O BbIPABHHBAHHN CKOPOCTH CBETa JI0 3HAYCHHS
(byHIaMEHTAIBHON KOHCTaHTHI ¢ B TEX CHCTEMaX OTCYETa, rie
MaTepHanbHbIe 00BEKTH 001aal0T BOJHOBBIMH CBOHCTBaMH.

CornacHo cBoiictBaMm C®B umeer MecTo 3jeKTpUuYECKas
nomsipuzauuss COB B cepaeunukax Buxpeif. CnenoBartensbHo,
€CJIH BOJIHOBBIE CBOMCTBa KBaHTOBEIX 0OBEKTOB 00YCIIOBIIEHBI
cozmanueM uMH Buxpeil B COB, TO cylecTBYeT 31eKTpHUECKHit
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IUIIONBHBI MOMEHT, CBS3aHHBIH C BOJHAMHM  MaTEpHUH
KBAHTOBBIX 00BbEKTOB (B pabore oH HasmiBaetcs JJIM-BM). B
rjaBe 5 mnoka3aHo, 4ro, YyuuThiBas. OJIM-BM KBaHTOBBIX
00BEKTOB, MOXKHO OOBACHUTH Pl GU3NIECKHUX SIBICHMIt: CIIMH-
opOuTaNbHOE B3aUMOJCHCTBUE, HapylLIEeHHE YETHOCTH B
ONITHYECKUX DKCIEPUMEHTAX, B3aUMOJIEHCTBHE B BaKyyMe IBYX
HE3apsDKEHHBIX  MAapa/UICJIbHBIX ~ MCETAUIMYECKMX  ILIACTHH
(>ddexr Kasumupa), H3MEHEHHE  pPasMEPOB  CHCTEMBI
NIEKTPUYECKHX 3apAf0B, HaXoAsluefics B PaBHOBECHH IO
JIeiCTBHEM  TOJILKO  DJEKTPOCTATHUECKMX  CHJ, - [OCie
IIpUBEICHUS €€ B IBHIKEHHE.

B raaBe 6 mnoka3aHo, 4TO, Y4YHTHIBas B3aHMOACHCTBHE
3JIEKTPOHOB BeleCTBa, 00YCIOBIEHHOE HAMUueM y HuX OJIM-
BM, MOKHO Co3/aTh MOJIeNb BO3HMKHOBEHUS
CBEPXNMPOBOAMMOCTH. JTa MOAENb I[O3BOMSET  BBIBECTH
¢bopMyily, ONMCBHIBAIOIIYIO OSKCIEPHUMEHTAIBLHO IIONYYEHHYIO
3aBHCUMOCTD KPUTHYECKOTO MarHuTHOTO noJst
CBEpXIPOBOASALICIO MaTepuaja OT TeMIleparypbl. B pamkax
Mogenn COB ofpa3oBaHue KymepoBCKUX IIap MOXKHO
paccMaTpHBaTh Kak pe3ynbTar CIMH-CITMHOBOTO
B3aMMOACHCTBUSA MUKPOYaCTHI] (B3auMogeicTBHE
MHKpPOYaCTHIl, ONpEAeNsieMOe B3aUMHOH OpHEHTaLMEH uX
CIIMHOB) B OOBEAHHEHHOM CEpACYHMKE BUXpEH, CO34aBaE€MBbIX
9JIEKTPOHAMHU KYIEPOBCKOi mapsl.

Tak kak, cornacHo moaenu CPB, nBHxeHHE KBAaHTOBEHIX
06bekToB B CDB compoBoxkaaercsi oOpa3oBaHHEM BHXpEH,
IIOTOK SJEKTPHUYECKH OOHOMMEHHO 3apsDKEHHBIX KBAaHTOBBIX
o6bexkToB oOpasyer B CPB Buxpesyio Hutb. B ruaase 7
BBIBOJMTCH COOTHOIIEHHE MEXIAy LMPKYIsSlUed BEKTOpa
CKOpOCTH, co3maBaeMoid Buxpesoit HuTpi0 B CO®B, u
JNEKTPUYECKMM TOKOM, CO3JAOIMKMM OJTY BHXPEBYIO HHTh.
IMpuBonsATCs SKCIEPUMEHTANBHBIE U TEOPETUYECKHE AAHHBIE,
oGocHoBhIBatolMe cBs3b ckopocth COB ¢ MarHuTHOM

MHIYKLHEH.



I'maBa 8 nocefileHa BOMpocaM  B3aMMOMEHCTBHUSA
MaTepHajJbHBIX  OOBEKTOB  IMOCPEACTBOM  CBEPXTEKYYHX
CIIMHOBBIX  TOKOB, BO3HHMKAIOIIUX MEXIAY CIHHOBBIMH
CTPYKTYpaMH, cO3JlaBaeMbIMH 3TuMH oO0bekramu B COB.
IToxa3aHO, YTO IOCPEACTBOM TaKMX TOKOB OCYLIECTBIIAETCA
ZieificTBHE CBEPXMAJIBIX J103 OMOJIOTHYECKH aKTUBHBIX BEIIECTB U
HHU3KOMHTCHCHBHOTO  3JIEKTPOMarHHUTHOTO  M3JIy4€HHUS Ha
Oouonormyeckue  oOBekThl.  PaccMoTpeHa  BO3MOXHOCTH
ucnonb3oBaHus mozaenn COB nans oObscHEHHS pPe3yNbTATOB
HEKOTOPBIX 3KCIEPUMEHTOB II0 JIUCTAaHIMOHHOMY IEHCTBHIO
yenoBeKa (NICHXOKHHE3) Ha (PU3HYEeCKHEe CHCTEMBI.

B 3aknouyeHHM TIEpEYHCIIEHBl OCHOBHBIE (DH3UYECKHE
SBJIEHUA, KOTOpHIE MOXHO OOBACHMTb, MCIONB3YS MOJEND
¢dbu3nyecKkoro BaKyyMa, HAJIEJIEHHOT'O CBOMCTBaMH
CBEPXTEKYYETO He-B.



Cnucok coxpameHmnii

BAB — 6nonoruyeckt akTHBHOE BEIIECTBO

OI1[} — oqHOPOAHO-NIPELIECCHPYIOUINH JIOMEH

CM/I — cBepxmanas o3a

CTO - cnenyansHas TEOPHsSt OTHOCHTENBHOCTH

CO®B — cBepxTekyuunit pu3nyeckuii BaKyyM

HEPH (CERN) — Eponeiickas naboparopus GHU3NKH YaCTULL

3IM-BM - s51exTpuYECKHH JUIIONBHBIA MOMEHT, CBSI3aHHBIH C
BOJIHAMH MaTEpUH



I'nasa 1. CBoiicrBa cBepxTexydero *He-B,
N0JIOXKEHHbIE B OCHOBY MO/JEJIM CBEPXTEKY4ero
¢u3nyecKoro BaKyyma

CornacHo mpemiaraeMoit Mojend (QH3HYECKUH BaKyyM
obitamaeT CBOMCTBaMH CBEPXTEKYYeH XXHMIKOCTH, COCTOALICH U3
map OJIEKTPUYECKH PpasHOMMEHHO 3apshKeHHBIX uacTul (B
HOanbHeiiiieM OyneM Ha3bBaTh MX «MHKPOYaCTHIAMH»),
HMEIOLIMX CIHH. B HEBO3MYIIEHHOM COCTOSHHM CYMMapHBbIi
CIIMH Naphl paBeH HYIIO.

Cpema ¢ yKa3aHHBIMH CBOHCTBaMH  (Ha30BeM ee
«CBEPXTEKYYHM (PH3UIECKUM BaKyyMOM» — CO®B) nomxna 6bITh
BO MHOIOM IOA00HA CBEPXTEKydueMY 3He-B, arombl KOTOPOT'O
TAKKE MMEIOT HEHYIEBOW CIHH M 00pa3yloT Mapbl, MOIHBIN
MOMEHT KOJIHYeCTBAa JBHXKEHUS KOTOPBIX (CyMMa OpOHMTaIbHOrO
U CIIMHOBOIO MOMEHTOB KOJIMYECTBA JBIDKEHHA) B «YHCTOM»
COCTOSHHM paBeH Hymio. IlepeuriciuM cBoOicTBa *He-B,
MOJIOXXEHHBIE B OCHOBY MOJENH CBEPXTEKy4Yero (pU3MYECKOro
BakyymMa. (Mcmone3yemas nuteparypa: [13-16] - nna
cBoiicts 1-12 u [17-25] nna cBoiicts 13-15.)

1. B HeBO3MYyIIEHHOM COCTOSHHH CBEpPXTEKy4dui He-B
SIBIISIETCS OXHOPOIHOM M M30TPONMHOM Cpesoil.

2. B cBepxtekyseM °He-B, xak u B moGoit mpyroii
CBEPXTEKYYeH >XMIKOCTH, OTCYTCTBYET CIBHroBas (IMHeEitHas)
BA3KOCTb.

3. B cBepxtexkydeM °He-B mpu BpalleHUH 00pasyroTcs
KBaHTOBaHHbIC BUXPEBHIE HUTH, B KOTOPHIX MOMEHT KOJIHYECTBA
IBYIKEHHs CIAPEHHBIX aToMoB “He paBen nh; h — nocTosHHas
Inavka, n=1, 2...

4. KpaHTOBaHHBIE BHXpH, O0Opa3OBaHHbIE B ‘He-B, B
CTallHOHAPHOM COCTOSHUU He TP PyHAHPYIOT.

5. UmeeT MecTO HaMarHMYMBaHUE CEPACYHHMKOB BHUXpPEH BHOJIb
OCH BHXpsS, TO €CTh, UMEET MECTO CIHHOBas IOJAPH3AIHS
CBEPXTEKy4YeH >KHIAKOCTH B CEpAeHHHKE BHXDS. J10 ABNIEHHE
CBHJIETE/ILCTBYET O TOM, 4TO B CBEpXTeKyueM “He-B neiicrayer
a¢pdexr BapHerra: mepenaya MOMEHTa KOJIMUECTBA JBHXKEHHSA
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CIIapeHHBIX aToMoB “He, COCTaBNAIONAX BHXPb, CIIMHAM STHX
atroMoB. IIpomecc 3TOT OCOOEHHO 3HAYMTENEH B CEpACYHUKE
BPIXpH CyuiectBoBanue 3¢ddexra bapHeTTa B CBepXTeKyuyeM
*He-B cormacyeTcs M C SKCHEPHMEHTANIBHO YCTAHOBJICHHBIM
($axKToM: BUXpH C MPOTUBOIOJIOKHO HAIPABICHHBIMU CIIMHAMHU
COCTaBJIAIOIINX 1794 aTOMOB XapaKTepU3ylTcs
NPOTHBOMOJIOKHBIM ~ HANpaBJA€HHEM ILMPKYIALUH  BekTOpa
CKOPOCTH >KHAKOCTH.

6. B cBepxrekyuyem He-B MOTyT 00pa3OBHIBATECS BHUXPH,
OKaHYMBAIOIHECH BHYTPHU JXHIKOCTH 32 CUET MOJHOH mepe/au
MOMEHTA KOJMYECTBA /BIJKEHHS CIApeHHBIX aToMoB ~He,
COCTaBJIAIOUIMX BHUXpPb, OpOUTANbHHIM MOMEHTaM H CIHHaM
3THUX aTOMOB. JIpuMepaMH TakuX BUXpeEH SBIAAIOTCA BUXPH THIIA
“hedgehog”.

7. DKCHIEpUMEHTHI 110 MarHUTHOMY PE3OHaHCY, NpOBEAEHHBIE C
BpaLIAIOIIMCS CBEPXTEKYdHM 3He-B, BHIABUIIH TIPELECCHOHHOE
JABHKEHHE CIIMHOB aTOMOB He B CepaeuHHKAX BUXPEIi.

8. Umeer Mmecto a¢dexT Ditnurreiina—ne Iaasa (mm UHaye,
a¢dext PuuapacoHa): B cilydae CBEPXTEKYdero *He-B — 510
BpalcHHe 00bEMa HAJKOCTH NPH HAMATHKHBAHHH. Tak kak
HAMATHWYMBAHHE aTOMOB -He O3HA4aeT M MX CIHHOBYIO
nosisipu3anyio, To addext Jitnureitna—nae 'aasza — 310 BpaieHue
006BEMa JKHIKOCTH €CIH HMeeT Mecto OS;/0t#0, rae §; —

CYMMapHBIH CIIHH paccMaTpuBaeMoro o6bp€Ma KHIKOCTH.

9. Cepnmeunuxu Buxpeit B cBepxrekydeM °He-B ssmsmorcs
EKTPUYECKUMH  JUMOAMH, JJIEKTPUYECKMHA  AUIONBHBIH
MOMEHT KOTOPBIX MOKET OBITh HalpaBieH B0 OCH BHXDA.

10. B cepmeunuke BHXps CBerTequero ‘He-B 3a cuér
OPHEHTALMH CHOHHOB aTOMOB "He B ONHOM HANpaBiCHHH
npoucxoauT ¢a3oBslit mepexoa: o6pa3yroTCs CBEpXIPOBOASIINE
A dasa win cnoHTaHHO (eppoMaruuTHas f -da3za. Da3oBsIit

nepexon MnNpUBOAUT K H3MCHCHUI0O HHCPLHOHHBIX CBOIACTB
KHAKOCTH B  CCPACYHHKE  BHXpA I1o CPaBHCHHIO C
HHECPpUHOHHBIMH CBOMCTBaMH >KHJAKOCTH B OCTAJILHOM 00BEME.
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11. B  cBepxTekyueM He-B  cKOpOCTb  XMJKOCTH,
HUPKYTUpYIolieii BOKPYT OCECHMMETPHYHOIO CEpAEYHHKA
BHXPsI, H3MEHSETCS C PaCCTOSIHUEM r Kak 1/r.

12. OTHOocHTENbHOE ABHXKEHME UYACTHI[, COCTaBJIAIOIIMNX
KYIIEPOBCKYIO MMapy B CBEPXTEKy4YeEM 3He-B, COOTBETCTBYET p-
COCTOSHMIO. B 3TOM COCTOSHHH MeEXHAYy 3JIEKTPUYECKH
OOHOMMEHHO  3apsXKEHHBIMM  YacTHLIaMH CO  CIIMHaMH,
OpUEHTUPOBAHHBIMH BJOJIb OJHOH HpPAMOH, NEHCTBYIOT CHIIBI
MPUTAKECHHUA.

13. B cBepxTekyuem He-B MOTYyT CYILIECTBOBaTh 00JIaCTH C
OJINHAKOBO OPHEHTHPOBAaHHBIMH H KOT€PEHTHO
IPELECCHPYIOUIMMH CIIHHAMH aToMOB “He, TaK Ha3bIBaeMbIe
onHopoxHo mpeneccupyiomue noMens! (OINZ]). OILL moxHO
XapaKkTepHU30BaTh CYMMapHOH BENMUYHMHOH MpeLeCCHPYIOLNX
CNIMHOB Sp, 4YacTOTOH IPENECCHM wp, YIJIOM IPELECCHH
(dazoit mpenteccun) a u yriaom Hyranun S (puc. 1.1).

14. B cBepxrekyueM °He-B yrisl nIpeneccHH M HYTALMH
IpeUecCHPYIOIMX  COMHOB  aTOMOB  SABIAIOTCA  yIVIaMH
OpHEHTAlMy NapaMeTpa IOpsAAKa, M CYILIECTBYIOT IPOLECCHI,
CTpEMSAILKECH BHIPAaBHATh KaK 3HAYEHHUA YIVIOB NPELIECCHM, TaK
U YrJIOB HYyTallMH BO BCEM O0OBEMe KUAKOCTH. Takumu
IpOLECCaMH B CBepXTekyueM ~He-B SBISIOTCH CBEPXTEKyuHeE
cnMHOBBle TOKM. Hanpumep, BeaWuMHAa CBEpPXTEKYUEro
CNIMHOBOI'O TOKa B HANPaBJIEHHH OCH 2, J, , ONPEAEIACTC KaK:

oa 0
Jz=—g16—z—g2-a'§, (1.1)
rae gy H g, — Ko3hOHIMEHTBl IPONOPLUHOHAIBLHOCTH,

3aBHUCAIIME OT yTiia [ W CBOWCTB CBEPXTEKYyUel KUIKOCTH.

15. B cBepxTekyuyeM He-B CYIIECTBYET TAaKO€ SBIICHHE KakK
npockanb3siBanue ¢Ga3sl npeneccu. I[Ipn HeKOTOPOM 3HaAUEHUH
pasHOCTH yrjoB mpeneccuu Aca, asyx OILIl npoucxoaur
npockans3siBanue (assl (copoc passl) NpeneccHH Ha BeJINYHHY
2zn(n =1, 2...). BenuyuHe Aa, COOTBETCTBYET KPHTHYECKHIH

12



cBepXTeKyuuii cnuHOBBIF TOK J,. Ha puc. 1.2 npusenén
pUMeEp Xapakrepa 3aBHCUMOCTH HOPMHPOBAHHOTO
CBEPXTEKY4Yero CIHHOBOro Toka J/J, Mexnay asyms OIIJ ¢
yacroraMd npemeccrd @y # ay (0 1T@,) or
THIIOTETHYECKOH pPasHOCTH MX yINOB Hpeleccud Ag,
ompenenieMod Kak Ag=(w -ap)t, rae t — Bpemsa. o
3Ha4YeHHs A@, paBHOrO Aq,, THIOTETHYECKas Pa3HOCTh paBHA

Pa3sHOCTH YITIOB MPELECCHH, OMNpenensiomeil cBepxTekyuuit
COMHOBBIK TOK, Aa, 1O ecTh, Ap=Aa. WUaMenenuio
CBEPXTEKYYEro CIIMHOBOIO TOKA B IPOLIECCE NPOCKATIb3bIBAHUA
¢a3pl COOTBETCTBYET KpuBasg a—b, copoc ¢a3pl MPOUCXOAUT HA
BEIUUMHY 277, Ao, =7 .

{Q)D . Jj.];.
A HAYAIO OTCXETA a
10
i} Aﬂ't '._..AQ)
A p X

-10 b

Puc. 1.1. " Puc. 1.2.

Xapaxkrepuctukyd OIl:  3aBucumocTs HOPMHPOBAaHHOTO

Sp — CyMMapHbIH CIIMH ~ CBEPXTEKy4yero  CIMHOBOTO  TOKa
aToMoB, coctapisiomux ~ J /J, OT TUNOTETHYECKOH pa3sHOCTH
OIlf, op — uacrota ¢a3 (yrmos) mpeuneccun Agp. Copoc
Ipeneccud, a@ — yroa  ¢assl nNoKazaH JMHHeH a-b u
npeueccu, f — yron  NPOMCXOAMT HAa BENHYMHY 27 IIpH
HyTalLMH. Aa,=n. Jlo Ap=Aa, uMeer
MecTo Ap=Aa.
Kak cnenyer u3 nmpuBenéHHOH 3aBUCHMMOCTH, CIIMHOBBIHA TOK .J
BHe 001acTM MpocKanb3biBaHHA a3kl MOXHO CYMTATh
IIPONOPLUHOHAIBHEIM A :
13



J=kjAa, (1.2)

raoe k i~ KO3 (HUIMEHT MPONOPLHOHATBHOCTH.

B nocredyrowux 2nasax nepeuucnennvie 6 3moii 2nase ceovcmea
ceepxmexyuez20 ’He-B paccmMampueaiomeca  Kak — ceoucmea
ceepxmexyyeco usuyeckozo eaxyyma (CDPB). Ilpu smom
nooobHo momy, kak ceepxmexyuuti “He-B cocmoum u3z amomoe
’He, C®B cocmoum u3z muxpouacmuy.
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I'itaBa 2. Buxpe-BoHOBOIi ponecc B CBepXTEKY4eM
(pnznyeckom Bakyyme

Tak xakx cpoiictBa COB nono6HBI CBOHCTBaM CBepxTekydeil
xuaKoctu “He-B, To cornacHo cpoiictaM 1-5 u 8 (rnaBa 1)
JuHamuka COB B HeCTaMOHAapHOM cilydae B 3aBHXPEHHOM
obnacty MoxxeT OBITH OIHCaHa MOJIENIBIO WACANBHOM CIIMHOBOIM
XHMIKOCTH, TO €CTh, JXHUJAKOCTH, B KOTOpOH OTCYTCTBYET
capuropas (MHeiHasg) BAKOCTh U HMEIOTCS BHYTPEHHHE
CTenieHH  cBOOOIBI, XapakTepu3yloLMecs BEKTOpoM A
CyMMapHOro CIHHa OECKOHEYHO Majoro ajieMeHTa oO0BEMa
XHIKOCTH W BpPAlIAaTENbHOM BSA3KOCThIO. BpamarensHas
BA3KOCTh  OOYC/IOBIMBAaeT Iepenady MaKpOBpAIleHHH B
AKHMIKOCTH MHKPOBpAILIEHUSAM K HA000POT.

YpaBHeHMe [BHXKEHHS OJKUAKOCTH, €CIH TpeHeOpedb

NIOTOKOM HMIYJbCa 4Y€pe3 IPAHHIly, MOXHO 3alUCaTh B BHIE
[26]:

Ou
p==(V:P;)3,, 2.1)
ot
roe p — IIOTHOCTD KHAKOCTH, U — BEKTOP CKOPOCTH JBHXXECHHS
XKHIKOCTH, 3 i~ 6a3ucHBIN BEKTOP, Pj,- — KOMIIOHEHTHI TeH30pa
HanpspkeHud B aToM 6asucHoM Bektope (i, j = 1, 2, 3). B
JleKapTOBO# CHCTEME KOOPAMHAT
OP; O0P;; OPj3
Vl'}?ji =7 + u + 4 .
Ox oy Oz
Hcnonw3ys ¢opmanusM, pazpaboTaHHBIE B MeXaHHKE s
3allMCH YPaBHEHUH ABM)KEHHUS CIUIOLIHBIX CPEXl C BHYTPEHHUMH
CTENEHsAMH CBOOOMBI, IPEACTABUM KOMIIOHEHTHl TEH30pa
Hanpspkennst Py; B Buge [26]:
Pii = Bjiim Ay, Lm=1,2,3,..., (2.3)
rae Ay, — KOMIOOHEHTHl aHTHCHMMETPHYHOTO TEH30pa
BHYTpeHHHX BpauieHuil. B monemn COB TeH30p XapakTepusyer

2.2)
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CyMMapHbIif crnuH OECKOHEYHO Majoro 3jeMeHra o0néMa
xuaxocty. OnpenenaeM 4, B BHAE:

3
Ay = 2. EqimBq = O\E1jm + A2EDm + A3E3)y, - (2.4)
g=1

Koo puumentst &4y, ONpenensaroTcs Kak
1 npu q,l,m=12,3; 2,3,1; 3,1,2
Egim =41-1 npu q,1,m=2,1,3;1,3,2; 3,2,1
0 6 ocmanvubix cnyuasnx.
Boipaxas &g, 4epes menvTa KpoHekepa, &, ypaBHeHHe 2.4
3aIMChIBaeM B BUAE:
A = a1 (8120m3 — 3130m2)
+a3 (8130m1 — 616m3 )+ 33 (119m2 ~ 5120m1 )- (2.5)
Kosgduunentst By 3aBUCAT OT CBOHCTB JKHAKOCTH; TaKHM

obpa3oM, OHH HOJLKHBI GopmupoBarh TeH3op IV panra m He
MOJDKHBI ~ M3MEHATBCA  TpH  MOOBIX  OPTOrOHAIBHBIX
npeobpazoBanuax koopauHar. Kak yxe Obuto cka3aHo BhIILE,
cpena, Moaenupymoomas cBoicrea COB, xapakrepusyercs
BHYTPEHHUMH CTEnEHAMH CBOOOIBI, OTCYTCTBHEM CIBHIOBOM
(muHeitHO#)  BA3KOCTM M BpAalIaTENbHOH  BA3KOCTBIO,
nposBIAOLieHcs B HECTAlIMOHAPHOM ciy4ae. Jlig Tako# cpensl,
IpY YCIOBMH OJHOPONHOCTH H H3OTPONHOCTH IPOCTPAHCTBA
(coiictBo 1, rmasa 1), B nuHEHHOM ciydyae, B J€KapTOBOMH
CHCTeME€ KOODAHMHAT pAacCMaTpHBACMBIH  TEH30p  HMEET
cieaymromue KOMIIOHEHTH [9, 27]:

Bijiim = b0 jyOip + b6 jiOppy + 53610y (2.6)
rae by, by, b; — xoucrantsl. Iloxcrasnas (2.5) u (2.6) 8 (2.3),

MBl TOJY4YaeM BBIPAXKEHHE [ KOMIIOHEHTOB TEH30pa
HanpsuKeHuit B popme:
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Pj; = (618 jmSit +526ji6m + 538 715im ) (a1 (81253 = 6130m2)
+a (8130m1 ~ S10m3) + a3 (S10ma — 6126m1 )]

=bhla (5j35i2 —0;2013 ) +ay (51'1553 - 5,'351'1)

+a3 (5 261~ 0,16 )] +b3(ay (872838367

+ay (81381 - 8,103 )+ a3 (8182 = 826 1. (2.7)
VYuureias (2.4) B ypaBHeHHH (2.7), uMeeM:

Pj; =b (—‘1151 ji a2 i ~M\3E ji)

+b3 (alf?lji +axey i+ 03531'1') =—(b~b3)4;.  (28)
3anuceiBaeM ypaBHeHue (2.1), ucnonn3sys (2.2) u (2.8):
__p Ou =(51411 L 04 | 043 )31

b —b; ot Ox oy oz
[6A21 L4y 6A23J
)
Oz
6A31 6A32 aA33 6a3 6a2
B==-==\3
0z oy Oz
(._1_2‘}.3_) aa2 _%. 33 = rotA,
0 ox ox oy
HIH
LI Tl BN (2.9)
o p

CornacHo cBoiictBy 8 (rnasa 1) B CDB neiictByer 3¢ dexr
Oitnmrreiina-ne [Maasa (wmm, uuadve, 3¢dexr Puuapacona), To
€CTb, MMEET MECTO Ipeo0pa3oBaHHe MHUKPOBpAaIEHUH B
MaKpOBpALIEHNSI K MOXKHO 3aIIMCaTh:

-aA=—Z-rotu, (2.10)

Ot
rae ¥ — kodpdunueHT nponopIHOHaIbHOCTH, IPHIEM
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x>0. (2.11)

B 00b1uHOI HecBepXTeKydel cpene BHYTPEHHHE BpAllEHHSA HE
MOTYT PacHpOCTPaHATHCS KAaK BOJHOBOM IIPOIIECC BCIENCTBHE
3HaunTenbHOM nuddy3un Buxpeit. Ho corimacHo cpoiictBy 4
(rmaBa 1) B COB xBanTOBaHHBIE BHXpH He IUGPYHIUPYIOT.
Ecnu cymectsyer B COB MexaHH3M, KOTOPEIH, IOAABIAS BUXPh
B OJHOH TOYKE MPOCTPAaHCTBA, ONHOBPEMEHHO TPAaHCHOPTHUPYET
SHEPrMI0 BUXpSA B COCEJHHE TOYKH IPOCTPAHCTBA, BUXPEBOH
nporecc MoXeT pacnpocTpaHaTscs B COB.

BBeném koHCTaHTy &£

g 2Bimh) 2.12)
P
Ucnons3ys (2.12) B ypaBuenusx (2.9) u (2.10), nonyyaem:
Qg:f-rot(—g—A], (2.13)
ot ) 4
a(éA)
—g’t— =—&-rotu. (2.14)
Beens o6o3nauenue
Y= —éA , (2.15)
V4
3anuceiBaeM (2.13) u (2.14) B Bune:
ou
—==£.rotY . 2.16
~==gro @.16)
oY
—=¢-rotu. 2.17
Py &-rotu (2.17)

OTH ypaBHEHHs OMHCHIBAIOT BHXpe-BOJIHOBO#H mnpouecc B CDB,
pacmpocTpaHstomuics co  ckopocteio £.  Paccmorpum
¢u3uyeckui cMmpicn nepeMeHHOH Y, koropas coriacuo (2.11),
(2.12) wu (2.15) nponopumonanbHa A, HampasjieHa
IIPOTHBOMNOJIOKHO A M HMEET pa3MepHOCTb ckopocTH. [l atoro
obparuMmcs k cBoiictBy 9 rnasel 1. CormacHoO 3TOMy CBOMCTBY B
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cepaeyHuKe Buxps, obOpasywomerocs B COB, Moxer uMersb
MeCTO ekTprdeckas noispusanus COB, nanpaBiaeHHas BAOIb
OCH BUXPA.

OneKTpUYecKas MOJAPH3alUs IPOUCXOAUT BCJIEACTBUE
OTHOCHTEJILHOTO JBHXKEHHSA B CEPACUYHHUKE BUXDS IJIEKTPHYECKH
Pa3HOHMMEHHO 3apsHKEHHBIX MHKPOYAcTHUIL (MOAPOOHO CM. IaBy 5).
[TonaraemM, uyro nepemeHHas Y o603HayaeT CKOPOCTh ABHXKEHMSI
MHKPOYAacCTHILl B CepAcYHUKE BUXps oTHocutenbHo CDB, mpu
3TOM CKOPOCTb JJEKTPHYECKH pPa3HOUMEHHO 3apsHKEHHBIX
MHKPOYaCTHL OTHOCHTEIBLHO JIpYT Apyra Oyner paBHa 2Y.

PaccMOTpHUM COCTaBISIONIME 3JHEPTHM BHUXPE-BOJHOBOIO
npoiiecca B COB.

1. VYnennHas KuHETHYECKas OJHeprua W,, CBA3aHHas Co

ckopocTsio # Asmxenns COB: W, = pu2 /2. B rnase 7 6yner

noxa3aHo, uto AswkeHue COB BLI3bIBA€T MarHUTHEIC SIBJICHHA,
u ckopocte COB u cBia3aHa ¢ MarHUTHOM uHAyKuued B

cootHomenueM B=2\zp-u (cm. 7.7). Hcnmomp3ys 310

COOTHOILECHHE B BBIPAXKCHHH 11 W, , nony4daem W, = B?/ (872')

. Takum 00pa3omM, yaenbHas KuHeTHYecKas sueprus COB, W, ,
paBHa ynenbHOH MarHUTHOM 3Hepruu [28].

2. VpenbHas KUHETHYECKAs SHEPTHUs, CBA3AHHAA CO CKOPOCTHIO
Y nBuKCHMA 3apSKEHHBIX MHKPOYACTHI[ B CEPIECHHHKE BHXDS,

2

Wy: Wy=pY“/2. Kak yxe Obul0o CKa3aHO BbIIIE,
OTHOCHTENIbHOE  JABHXKEHHE  JJICKTPHUECKH  pPa3HOMMEHHO
3apsOKCHHBIX MHKPOYacCTHII B CEpACYHHKE BUXPSA BBI3BIBAET
IEKTPHUECKYI0 noiisipu3anuio CPOB B cepreunuxe. Cunras, 4ro
BCi OSHeprus Wy TNEpeXomuT B YACIbHYIO OJHEpruno Wpg
BO3HMKIIEro 3nexrpuueckoro noins E [28]: Wg =E?/ 8r, n,

npunuMas E ™My, NoJjy4aem:
E=2,/7rp-Y. (2.18)
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3. OHeprus, CBA3aHHAsA C IPELECCHPYIOIUMH CIIHHAMH
MHKpPOYaCTHII.

Cornacho cpoiictBy 7 (rnasa 1) B cepaeuHuxax suxpeid COB
HMEET MECTO NMPENECCHs CIMHOB MUKpOYacTHll. YacToTa aToi
NpeuecCHd w, (UHOeKc v — om anan. vortex (6uxps)) onpeaenser
SHEPTHIO, CBA3AHHYIO C MPEUECCUPYIONMMH CTHHAMH
Mmukpoyactui ¥, [26]:

W, =S,0,, (2.19)
rae S, —CyMMapHas BEIMYHMHA NPELECCHPYIOIHMX CIIHHOB.

Tak Kax, B COOTBETCTBHU CO CBOMCTBOM 5 rnasel 1, B COB
NPOMCXOAUT TepeAaya MOMEHTa KOJNMYECTBAa ABIKCHMA Map
MHKPOYAaCTHI], COCTAaBIMIOIIHX  BHXpPb, CIHHAM  3THX
MHKPOYaCTHI, TO COTJIaCHO CBOMCTBY 3 (rmaBa 1) cyMMapHbI#
CruH S, MHKPOYACTHIl B BHXPE MOXET ObITh PaBHBIM nh, n = 1,

2,3,... Ilpu n =1 numeem:

S, =h. (2.20)
Torga ypasuenue (2.19) 3anumercs B BUAE
W, =ho,. (2.21)

Hcnions3ys (2.18) u (7.7) (cMm. rnaBy 7), ypaBHeHus (2.16) u
(2.17) moxHO npeobpa3oBaTh creayomuM o6pasom:

%]ti =—&-rofE, (2.22)
%lf- =&-rofB. (2.23)

H3pecteH TOMBKO OAMH IMpOLECC B MNPHPOJIE, KOTOPHIH
XapaKTEPU3YETCH JICKTPUYCCKUMH M MArHUTHBIMH SBICHUAMHU
M ONHCBIBAETCS YPAaBHEHMAMH, AHAIOIMYHBIMH II0 CBOCH
CTPYKType ypaBHEHHM (2.22) u (2.23) — 3TO pacnpocTpaHeHHue
JNIEKTPHYECKUX M MarHMTHBIX BO3MYIICHHH, OIHCHIBAEMBIX
ypaBHeHusmMu Maxkcpenna. Kpome TOoro, HMMeHHO JHeprus
peructpupyemoro (oTOHa CBsAi3aHa C wvacTotoil (oroHa
cooTHouieHHeM, nonoOHeIM (2.21). Takum o6paszom, MOXHO
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HPEANOJOXUTb, YTO MPOLECC, KOTOPBI B (U3INMKE HOCUT
HA3BAHHE «IJIEKTPOMArHMTHBII», SBASETCS BUXPE-BOJHOBBIM
npoueccoMm B CPB, TO ecTb, MOXHO NPUHATH, YTO:

¢=c, (2.24)
rzie ¢ — CKOpOCTh CBETA.

Ilo xapakTepy  pacnpOCTPaHAIOIUXCA  (PH3HUYECKHX
Bo3MylieHu# (cM. (2.9), (2.10), (7.7)) Buxpe-BOIHOBOI IpoLEcC
B COB sBnsercs COMHOBO—MAarHUTHBIM IPOLECCOM, a
DJIEKTPUYECKHE ABJCHHS SABISIOTCSH COMYTCTBYIOIIMMH 3TOMY
nponeccy. OrmeruM, uro rotE B ypasHenuu (2.22)
XapakTepU3yeT He BUXPEBOE ABHIKEHHE B SJIEKTPHYECKOM IIOJIE,
a uupkymsauuioo Bekropa E, sBasioniyiocs  pe3yibTaToM
anexTpuyeckoit mongpuzanuu COB B cepreuHHKax BUXpEH.

Tak Kak CHOHHBI MHKPOYACTHI] B BHXPSAX COBEPIUAIOT
IPEeECCHOHHbIE  KoneGaHus,  BHXPE-BOJHOBOH  mpolecc
obmagaer THPOCKOMMYECKHMHM CBOMCTBAMH. JTO O3HA4aeT, B
YaCTHOCTH, COXpaHEHHUE IJIOCKOCTH CIIMHOBOM (u
COOTBETCTBEHHO 3JieKTpuyeckol) nomspusanuu COB B 3TOM
npoliecce. :

Cornacro cpoiictBy 10 (rmaBa 1) uHepHMOHHBIE CBOMCTBa
cepae4yHHkoB Buxpeit B COB OTHHYAIOTCS OT HHEPUHOHHBIX
croiicte COB B ocranbHoit obnactu. Taxum obpa3om, BUXpe-
BOJIHOBOM mnpouecc obnajaer MHEPIMOHHBIMU CBOHMCTBaMH, H,
CIEN0BATENBHO, COIIPOBOXAETCS BO3MYLICHUAMHU B
IPaBHTAI{HOHHOM HOJIE.

Ilpumeuanue. Tax xax ypaBHenue (2.9) mosydeHo mis

3apuxp€HHOit obnactn COB, anement o6wvéMa cpensl,

JBYDKYIIUHICS CO CKOPOCTBIO U, OyIeT XapaKTepu30BaThCs

MOMEHTOM KoauyecTsa JBixenus. CrnenoBaTesbHO,

BUXpe-BONHOBOM nporiecc B CPB apngercs u npoueccom

paclpoCTpaHEHHUsT MOMEHTAa KOJHYECTBA JABHIKEHHSA:

MPOUCXOJUT Nepefaya MOMEHTa KOJIMHECTBA ABKEHMS

aneMeHTa 00BE€Ma cpeanl CIMHAM  MMKpPOYaCTHIL,

coctasnsiomuM CPOB, u ob6parno. OTmeTHM, YTO HMEHHO



pacnpocTpaHeHHe CBeTa PacCMaTpuBaeTcs B Qu3HKe Kak
pacnpocTpaHeHre MOMEHTa KOJIMYECTBa IBIKeHuS [29].
Hcropuueckasi cnpaska. B 1839 rony ¢wusux k. Mak
Kynnarx (James McCullagh) cospan monens adupa, koTOpbIii
obmanan crocoOHOCThIO MPOTHBOAECHCTBOBATh BPAaIaTEIbLHOMY
JBIDKEHMIO COCeIHMX dacTHU (cocrapasiomux 3¢up). OH
HONYYHJI, NMPAKTHYECKH, T€ k€ (OpPMyNBl Al CBETa, YTO H
MakcBen, ¥ MPaBHJIBHO ONMHCAJ MHOTHME ONTHYECKUE SBJICHHS
[30]. Cam MakcBeiul HafielIuJ1 CBETOHOCHYIO Cpely CBOHCTBaMH,
MTOpPa3UTENBHO OMU3KUMH CBOMCcTBaM CBEPXTEKYYEero
¢usngeckoro sakyyma. On npeanonoxun [31, 32]:
1) BpamieHue uacTul[ cpenbl, 4T0, coriacHo Moxeau COB,
COMOCTAaBHMO C  HajWyueM COMHA Y  MHKPOYACTHIL,
cocraBsromux COB;
2) MOCTyIaTeNbHOE ABHXKEHHE YaCTHI Cpe/ibl 6€3 TPEHHS Mexay
coboif u 06e3 MOTepH SHEPrHH, 4YTO COBPEMEHHBIM SA3BIKOM
MO>XHO HHTEPIPETHPOBATh KaK OTCYTCTBHE CBUTOBOH BSI3KOCTH
U CBEPXTEKY4eCTb;
3) Bpamenue uactul 3¢upa 6e3 NpOCKaNb3bIBaHUA, YTO, IO
CYIIECTBY, SBISAETCS BpalaTebHOMN BA3KOCTHIO;
4) of6pasoBaHue BHXpeH BO BpeMsA PACIPOCTPAHEHHUS
9JEKTPOMArHUTHBIX KOJNIEOaHUH, YTO MOJHOCTBIO COBHANAET C
BHIBOZlaMH paccMaTpuBaeMoii Mosenu COB;
5) nudeKTpUYECKHE CBOMCTBAa CBETOHOCHOM cpenbl; MakcBenn
Ha3bIBasl cocTaBnsaomyio OE/Of B CBOMX ypaBHEHHSAX «TOKOM
CMELIECHHS», HMEA B BHJLY, YTO JIEKTPHUECKOE I0JIE CO3AAETCA B
CBETOHOCHOM 23(upe 3a CuY€T OTHOCHTEIBHOIO JABIKEHHS
COCTaBIAIOIIUX €ro Pa3’HOMMEHHO 3apsDKEHHBIX YacCTHUI, 4TO
COrJIacyeTcs C BBIBOJaMH paccMarpuBaeMoit moaenu COB;
6) ofOpa3zoBaHue 3HAYMTENBHOH Macchi B BHXPAX, MHOIO
Oosnpiiel Macchl 4YacTULl CpeAbl, YTO HACHTHYHO CBOHCTBY
Buxpei B CPB.

BoiBoanl K riase 2

I. B ¢usnyeckoM Bakyyme CO CBOHCTBAMH CBEPXTEKYYEero
He-B (To ecTb, B CBepxTeKyyeM (PU3HYECKOM BAKyyME) MOXET
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pacIpoCTPaHsAThCA BHUXPE-BOJHOBOM mpomuecc. [lo xapakrepy
¢u3MYecKHX npoleccos, npoucxonamux B COB, stor npouecc
ABISETCS CHMHOBO-MAarHUTHBIM (MMEIOTCA B BHAY CIHHBI
MHKpouacTHl, cocTaBisionux COB). JnexTpuueckue sBiIeHUSA
SBJIAIOTCA CONMYTCTBYIOIIMMH B 3TOM mpouecce. [lo cymiecTsy,
ypaBHEHHs, OMUCHIBAIOMAE CIIHHOBO-MarHUTHBI MpoIecc,
CBSI3bIBAIOT KJIACCHYECKYIO DJIEKTPOJMHAMHKY C KBaHTOBO#H
¢usukoit.

2. Bmuxpe-BONHOBOI MpOLIECC CONMPOBOXIAETCA INpeLeccuei
CIIMHOB MHKpPOYacTHUI[ B OOpa3sylOLIMXCA BHXpAX, 4YTO
OIpeeNIAeT TMPOCKONUYECKHE CBONCTBA NPOLIECCa, B YaCTHOCTH,
COXpaHEHHME IUIOCKOCTH CHHMHOBOH (M, COOTBETCTBEHHO,
anexkTpuyecko) noaspusanuu COB,

3. Buxpe-BONHOBOI IpoliecC CONpOBOKAaeTCs OOpa3oBaHHEM
Macchl B BHUXpAX, 4TO OOYyCIOBIMBAaEeT BO3MYIUEHHS B
IPaBUTALMOHHOM IIOJIE.

4. ITonobue BbIpake€HUI VIS yAEILHOM MAarHUTHOM B2/ 87) n

YOEIBHOM 3JIEKTPUYECKOH DHEPruM E?/ @8r) B n E -
COOTBETCTBEHHO MAarHMTHas MHAYKUHMS ¥ HanpsOKEHHOCTH
3NIEKTPUYECKOr0O I0J1s1) 0OYCIIOBIEHO TeM, YTO 00a BBIpAKEHUS
ONpenenoT yACAbHYI0 KHHeTHYeCKy10 dHepruio COB. IlepBoe
BBIDAXKCHHUE OINpenenseT YOENbHYI0 KHHETHYECKYI0 JHEPTHIO
nwxeHnss CPB BOKpyr cepAeuyHHMKOB BuXpeil, a BTOpoe —
YACIBHYI0O KHHETHUYECKYIO 3Hepruio asuwxenHus COB Buyrpu
CEpIIeYHUKOB BUXPEii.
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I'maBa 3. Boanbl MaTepun

B 1923 roay Jlyn ne Bpoitnb [33, 34] BeLABHHYN THIOTE3Y O
TOM, YTO C KaXXAOH MaTepHalbHOM 4YacTULECil CBA3aHa BOJIHA.
Crnenyiomme HECKONBKO JHECATWIETHH OBUIM NOCBAICHBI
NouCKaM  «(pU3HYECKOi» BOJNHBL, KOTopas Morna Obl
CONMPOBOXAATh MaTepHanbHYI0 YacCTHLY, — TaK Ha3hIBaEMOMH
«unot-BoHb» (35, 36]. OaHako 3TH MOHMCKM HHM K YEMY HE
NpUBEIH, U OBUIO IPHHATO, YTO YaCTOTa B BOJHOBOH (yHKIIHH,
ONKCHIBAIOIEH  MaTepuanbHBIE  YAaCTHIBl, He  HMeEeT
(Gu3MYECKOro CMBICHA, T. €. HE sBIETCS 4acTOTON KoneOGaHHi
Kakoro-iu6o  ¢usmueckoro mpouecca. ITOT  IOCTyAaaT
«ycTpauBa» yd€HOE cooOlIecTBO H TeM, YTO Jenan
HENPHHIUMHUAIBHBIM NIPOTHBOPEYHE B OIPEAENCHUH YaCTOThI
BOMHOBOM (QyHkiuu pe DBpoitng B HepensTHBHCTCKOM
npubKeHns, g, U BoJHOBOH Qynkuun Ilpénunrepa, wg,

[35]. HeiictBuTenbHo, s CBOOOMHO IBMXKYHIEHCS YaCTHIbI
uMeeM:

2
Up  mye
wg =— , 3.1
B = 5 B.1)
U
G’Sh=—}-2k—, (3.2)

rnpe my Mn U , — COOTBETCTBCHHO MacCa IIOKOA H KHHETHYCCKas

SHEpPrus 4YacTHIbl. B oTHOIEHHH BONHOBOH QyHKuHM ObLIO
IPHHATO npemloxeHue Makca BopHa, cocrosiiee B TOM, 4TO
¢bu3pUeCKUif CMBICII HMEET TONBKO KBagpaT aGCoOMIOTHOro
3HAYEHUs BOJIHOBOH (DYHKUIMH: OH ONpEAesseT IUIOTHOCTb
BEpOATHOCTH HAXOXAEHHUA 4YacTHIBI B Kakoi-nubo Touke
npoctpadcTea. C 3TOH TOYKU 3peHUs HET IPOTHBOPEUUSI MEXKAY
BonHoBbIMH (QyHKnusmu Lpénurrepa m ne bpoitna: onu
OIMCHIBAIOT OAUHAKOBYIO TUIOTHOCTh BEPOSITHOCTH HaXO0X/ACHHS
YaCTHLbl B KAKOH-THO0 TOUKE NpOCTPaHCTBA.

IToxaxem, uro moaens COB no3Boser CBI3aTh ¢ YaCTOTOH
BOJIHOBOH  (YHKIMM  KBaHTOBHIX OOBEKTOB  peajbHBIH
¢usuyeckuit mpouecce [10, 11, 37].
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Kak Oyner mokaszaHo B ryiaBe 5, MaTepuajbHblE YaCTHIIBI,
poxXnaemMbie ¢doToHOM, SIBJISIIOTCSI KBa3UKOJUIaNCaMu
MuKpouacTHn, cocraBisonux COB. CymMmapueit cnuH
MHKpOYACTHIl B KBa3uKoJu1ance pased 7/2. CorjiacHO CBOMCTBY
12 raaser 1, Mexay Mukpoyactuamu, cocrasisiommmu COB,
BO3MOXHO  B3aUMOZEHCTBHE, 3aBUCALICE OT B3aUMHOMU
OpHEHTalMM HUX CnuHOB (B JAanbHefmieM Mg 9TOro
B3auMozeicTBus OygeM  HCHONB30BaTh TEPMHH  «CITHH-
CIIMHOBOE B3aUMOJEHCTBHE MUKpOYacTUI»). CorinacHo Moaenu
CoOB, B Bo3myménnom COB (manpumep, B 3aBHXpEHHOH
obnacTy) mapel MHMKpouactun, cocraBisiiommx COB, umeror
HEHYJIEBOH CyMMapHBIH CITHH. CnenoBarenbHo, B
BO3MymEHHOH obnactu C®PB BO3MOXHO CHHH-CIIMHOBOE
B3aUMOJICHCTBHE MEXKAY MHKpOYAcTHIaMH, OOpa3yromumu
KBa3HKOJUIANC, H APYTHMH MHKPOYaCTHLAMH, COCTaBIAIOMHMH
COB.

Ilpumeuanue. Bozmymenne COB MOXeT UMETh MECTO H

B JJEKTPUYECKHMX IMOAAX. B 3JJEeKTpHUUECKUX MOJAX

YBEIHYMBACTICA DPACCTOSHHE MEXAY OJIEKTPHUUYECKH

Pa3sHOMMEHHO 3apsHKEHHBIMM MHKPOYAaCTHMIIAMHM Iaphl H,

CIIE[OBATENbHO, corlacHO (5.32) yMEHBIIAETCS CIIHMH-

CIHHOBOE B3aHMMOACHCTBHE MHKPOYACTHIl. YMEHbUICHHE

3TOr0 B3aUMOJCHCTBHUS IPUBOAUT K  YBEJIHYEHHIO

«(4YBCTBHTEIbHOCTH» MHKPO4aCTHIY napsl o

OTHOILEHHIO K BHEIIHEMY BO3JIEHCTBHIO,

OPHEHTHPYIOIEMY CIIMHBI MUKPOYACTHII.

Takum o6pa3oM, IBHXEHHE MaTepHAILHOH 4YacTHLBI B
Bo3Mymi€HHOM COB Oyzer conpoBOXAATbCA H3MEHEHHUEM
XapaKTepUCTUK CHHMHOB MHKpouactunm B COB, uro cormacno
(2.10) MoxxeT mpuBecTH K BO3HUKHOBeHHIO BHXpeii B COB. B
COOTBETCTBHM €O CBOHCTBOM 6 (rymaBa 1), obpasyiomuecs B
C®B Buxpu MOryT OKaHUYMBATHCSA BHYTPH 00bEMaA CpeaIbl.

CornacHo cBoiicTBy 7 (ryaBa 1) B cepieuHHKE BHXPA UMEET
MECTO IIPEeLECCHs CIMHOB MHKpoyacTHil. B cooTBercTBMHM C
(2.21) sneprus, cBa3aHHas ¢ mpeneccueil cruHoB, U, , MOXeT
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OBITH BbIPAXKCHA Y€PE3 YACTOTY NPEUECCHH @,, COOTHOWICHHUEM,

a”HajornuHbIM (3.2). [Tonaraem, 4TO 3Ta aHANOrMs HECIy4yaHHa
H MOJKHO NIPHHATH:
Dsp = Wy - (3.3)

Taxkum 06pa3oM, CHHHBI MUKPOYACTHI[ B CEpACYHUKE BUXDA,
co3nasaeMoro aemxymeiics yactuueit B COB, mpeneccupyior ¢
4acTOTOH, paBHOH 4yacTore BONMHOBOH ¢yHKumu Llpéaunrepa.
[TpaBoMepHOCTh 3TOr0 MOCTYjaTa AOKAa3bIBAETCS TEM, 4TO Ha
€ro OCHOBE MOXKHO OOBACHHUTH LENbIH pAN NPUBEJCHHBIX HIDKE
3KCIIEPUMEHTAIBHO HaOMIOAaeMbIX ABICHHH.

1. M3nyuenue GoTOHA ATOMOM

Cormacuo nmnocrynaty bopa [38, 39] wu3nyusenume ¢orona
TPOMCXOIUT NIPH II€PeXOhe NMEeKTPOHa B aToMe Ha Gonee HHU3KUH
SHEepPreTHYeCKuit ypoBeHb. V3MeHEHHe SHEPreTHYeCKOro ypOBHS
3NEKTPOHA, B COOTBETCTBUH C (3.2), 03HaYaeT HAMEHEHHE 4aCTOThI
BOJIHOBO# (QYHKIUHH 3J€KTPOHA Mgy, -

B monemn C®B u3menenue wgy, , B cooTBeTCTBUM € (7.4) (CM.

rmaBy 7), Bei3biBaeT u3MeHeHue umpkymsmmu [T Bextopa
ckopocth COB, u, BOKpYr CepAe€YHHKa BHXpS, CO371aBaEMOI0
anektporoM B C®B. B coorBercrBun ¢ (2.16) — (2.17)
HepaBeHCTBO Ou/Ot #(0 sBIAeTCA YCHOBHEM BO3HUKHOBEHHS
BUXpE-BOJIHOBOTO (CHMHOBO-MarHuTHOro) mpounecca B COB.
[Ipouecc compoBOXAAETCA BO3HMKHOBEHHEM 3JIEKTPHYECKOTO
1oJs B GU3NUECKOM BaKyyMe.
Ilpumeyanue. PaccmarpuBaemas moaeinr COB orseuaer
Ha OJMH M3 TIJaBHBIX BONPOCOB  KJIACCHYECKOH
9JIEKTPOJUHAMHUKH: noyeMy OTCYTCTBYET
JNIEKTPOMAarHHTHOE  M3IYy4YEHHE  IIPH  JBIDKCHHH
9JIeKTpOHA B HEBO3OyxaeHHOM aTtome? JleliCTBHTEIBHO,
TaK Kak JBIDKCHHE OJIIEKTPOHa B aToMe sBiIfeTCA
YCKOPEHHBIM, TO IUIs CO3/IaBaEMOr0 MM JIIEKTPHYECKOro
nonst E umeer mecro OE /0t # 0. Cornacho ypaBHEHUAM
MakcBeia 3TO HEPABEHCTBO  SBJACTCH  YCIOBHUEM
BO3HHKHOBEHHIO 3JIEKTPOMArHUTHBIX Konebanuil.
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Cornacio wmomenn C®PB cBer sBasercas Buxpe-
BOJIHOBBIM, HJIH IIO XapakTepy (PM3HYECKHUX IPOILECCOB,
MIPOUCXOAAIIMUX B CoPB, CNIIMHOBO-MATHUTHBIM,
IPOLIECCOM, @ JJIEKTPUYECKHE BO3MYILECHMS SBIIAIOTCH
COMYyTCTBYIOIIMMU B  3TOoM  mpouecce. [lostomy
HepaBeHCTBO OE/Of#(0 Moxer He OHITH yCIOBHEM
BO3HUKHOBEHHS 31€KTPOMarHUTHBIX KosebaHui.

2. BzaumopgeiicTBue (OTOHA ¢ JPYITHMH KBaHTOBBIMHM

o0bexTamMu

M3 oskcrmeprMEHTOB H3BECTHO, YTO OJHEPrus, nepenaBaeMas

()OTOHOM  KBAaHTOBOMY OOBEKTY, paBHa hap, . Ecm

HPENIOIOKUTh, YTO (POTOH NMpH B3aUMOAEHCTBHH C KBAHTOBBLIM
o0bexToM c€o31aéT BHUXpPb C YacTOTOM IpelneccHH @, ,
onpenenseMon Kak:

Wy = Wpp s (B4

TO, cormacHo (2.21) osueprus ¢QorToHAa paBHA JHEPrUH,
3aKMIOYEHHOR B MpPEUECCHPYIOMMX  CIOHHAX  BUXPA,
cozgaBaemoro ¢oromoM B COB. Takum  oOpasom,
B3auMozelcTBue (OTOHA C KBAHTOBHIM OOBEKTOM MOXHO
paccmMarpuBaTh  KaK  COMH-CIIMHOBOE  B3aMMOJACHCTBHE
MHKpPOYACTHIl, COCTaBJISIOIMX JBa BUXPS, OIUH U3 KOTOPHIX
006pa3oBaH KBaHTOBBIM 00BEKTOM, ApYyroit GOTOHOM.

3. Koppeasiuus ¢assl ¢poToHOB

CormacHo cBoiictBy 14 (rmaBa 1) B CO®B cymecrByer
BRIpaBHUBaHHE (a3l NMPELECCHH CHMHOB COCTABJIOUIMX €ro
MHKpodacTHL. Takum o00pa3oM, €ciau KBaHTOBblE OOBEKTHI
HMEIOT OJHHAKOBYIO 3HEPTHIO H, CIIEJOBATEIbHO, OJHHAKOBYIO
4YacTOTY HX BOJHOBBIX (YHKIMHA, TO IIpelecCHs CIIMHOB
MHKPOYaCTHIl B CO3[]aBaéMbIX KBAaHTOBBIMH OOBEKTaAMH
CepIeYHUKAaX BHXPeH MOXeT MPOUCXOAUTH KOTEPEHTHO. DTOi
KOTE€PEHTHOCTBI) MOXHO  OOBACHMTP HabmomgaeMylo B
JKCIIEPUMEHTAaX KOppensauuio mo ¢ase (HOTOHOB OIHHAKOBOH
YaCTOTBl HE3aBHCHMMO OT crnocofa MX NPUTOTOBJIEHHS. OTOT
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3¢¢peKT OTHOCHTCA K SABIEHHAM KBAaHTOBOH HEIOKAJIbHOCTH
[40-42].

4. I¢dexr BaBninosa—Uepenkona

Tak Kak JBHXKEHHE KBAaHTOBBIX OOBEKTOB COMPOBOXKAAETCS
obpa3oBanueM Buxpeit B COB, TO, eciiu CKOPOCTb KBaHTOBOTO
06bEeKTa TPEBBICHT CKOPOCTh «PAaCHpPOCTPAHEHHS» BHXpE-
BOJIHOBOTO ITPOIIecCa, BO3HMUKHET CaM BHXPE-BOJHOBO mpouecce
(cIMHOBO-MAarHUTHBIH poluecc, CONPOBOXKIAIOIIHHCS
BO3HMKHOBEHHEM JJIEKTPUYECKOr0 TmoiAs B  (u3udeckoM
Bakyyme). Takoii o¢ddexr obnapyxeH — 3TO CBeueHHE,
co3aBaeMoe  3NEeKTPOHOM, JABIKYIIMMCH B  cpele  Co
CKOPOCTBIO, npeBblILalonIeH ¢bazoByto CKOpPOCTb
pacnpocTpaHeHHs cBera B 3ToH cpeae (3¢dexT Bapunosa-
Yepenxona) [43-45].

OrmMmeTuMm, 4TO H3JIy4eHue Basunosa—YepenkoBa
AHAJOTHYHO YAApHO# BONHE, MPOM3BOAMMON B MOJEKYJISAPHOH
cpeie 3BYKOBBIMH  KoneOaHMAMM, BO3HUKAIOIMMH IIPH
IBH)XEHHH MaTEPHAJILHOTO Tela CO CKOPOCTHIO, NPEBLIIIAIONIEH
CKOpOCTb 3BYKa B 3TOi cpene.

H3sectHo o6Owbscuenne 3¢dexra Basunoa—Uepenkosa
naypeatamu HoOenesckoii npemuu . Tammom u M. Opanxom
[46]. Onu OOBPACHMIM €ro H3NAYUYECHHEM 3JIIEKTPHYECKH
MOJIIPU30BaHHOM Cpelibl, Yepe3 KOTOPYIO ABHXKETCA JJIEKTPOH. B
paMKax pacCMaTpHBaeMoOil MojenH u3jilydeHHe BasuioBa—
YepeukoBa MOXKHO HAGIIONATh M MPH JBHKEHHH CO CKOPOCThIO,
TpeBHIIIAIONIEH CKOPOCTh CBETA, YaCTHIIbl, HE BBI3HIBAIOILEH
SNEKTPUUECKON MONAPHU3ALIH CPEBL.

5. «PeassiTHBHCTCKAam» A00aBKa K Macce

B coorBercrBuu co cBolictBoM 10 (rnasa 1) cepaedHux BUXpH,
cosnaBaemoro B COB, o6nagaer HHEPLHOHHBIMH CBOHCTBaMH,
TO €CTh, CEPACYHMK BUXPSA MOXHO XapaKTepH30BaThb MACCOH.
doroH sABnsgeTcs BHXpeBbiM oOpazoBannem B COB. 310
o0bacHseT, nmoyeMy (OTOH MOXET poXAaTb B (PU3MUECKOM
BaKyyMe YacCTHIBI C HEHyJeBOH Maccoil MOKOsA. DKCIIEPHMEHTBI
noxasanu [35], yTo B 37MEKTPHUUECKOM IOJIE saep aTOMOB (HOTOH
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MOXET pOXXAaTh Napy 4YacTHIIa—aHTH4acTHLa C CYMMAapHOMH

MACCOii ), , ONpenensIeMoi Kak m,, =hapy /2

ph
Ha ocnoBanuu (3.4) MOXXHO NpPEANOJIOXKMTB, YTO MAacca,
obpa3yeMass B CepJCYHHMKE BHMXps, m,, CBA3aHA C YacTOTOM

NpeuecCu CIHMHOB MHKPOYACTHMIl B CEPACHYHHUKE BUXpHA, @, ,

TAKHM XK€ COOTHOIICHHEM:
ho,

02

Torma B cooteerctBuu ¢ (3.3) macca mgy, CBA3aHHAsA C

(3.5)

m,, =

4acTOTOH BOJHOBOM OYHKUMH, g, TH000r0 KBaHTOBOrO

00beKTa, ONPEAcIAeTCs Kak:
ho
- 2%sh
mgy = > (36)
c
PaccMorpum cnydait, Korza noOnHad JHEPrHA KBAHTOBOIO
obbeKkTa paBHA €ro KWHETHYECKOM 3Hepruu Uy :

m0v2
2
rae v (V<<C) H my— COOTBCTCTBCHHO CKOPOCTh ¥ MacCa ITOKOA

Up = , 3.7
kBauToBoro oOwekra. Hcmome3ys (3.2) u (3.7) B (3.6),

nogyvyaeMm: Mgy =m0v2 / (202). C TOYHOCTRIO OO BTOPOTrO

nopaaka no f=v/c BEINYHHA mg, COBMAZAET C BEIUYMHOH

«peNATHBHCTCKOH» pobaBkH Am K Macce JBHXKYILErocs
marepuanbHoro oObekra, mnomyuenHoir B CTO [30]:

Am=mg I 1= % - m =m0(ﬂ2/2+o(,32)), rne o(ﬂz)

cnaraemsble 00J€e BBICOKOTO nopsaKa MAJIOCTH, YEM ﬂz .

IIpumeyanue. W3 (3.6) cnenyer, 4Tro BCE BHABI
DHEPrUU KBAHTOBOTO OOBEKTA, gIusiowjue HA GeNUYUHY
gy, , OyayT BINATD M HA mygy, .
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6. MHepuuoHHbIE CBOCTBA MATEPHH

s (3.2), (3.3) u (3.7) cuenyer: v=,/2ha)v/nzo , M B
coorsercTBuH ¢ (5.8) u (5.10) (rnaBa 5) nanpasieHus ®, u V

CBs3aHEl Jpyr ¢ gpyroM. TakuMm o6pasoM, H3MEHEHHE
BEJIMYMHBI H/HAW HANpaBlIeHHS CKOPOCTH KBaHTOBOTO OOBEKTa
03HAYaeT M3MEHEHHE BEMMYUHBl W/HUNM HAIPABICHHUA 4acCTOTHI
Ipeleccuy CIMHOB MMKpPOYAacTHL, B CEpIECYHHMKE BHXDH,
o0pa3oBaHHOM KBaHTOBEIM 00bekTOM B COB. CrenoparennbHo,
HHEPIHOHHBIE CBOWCTBA MaTepHAIbHBIX 0OBEKTOB MOTYT OBITH
CBA3aHBl C THPOCKONHYECKMMH CBOHCTBAMH CEPICYHHKOB
BUXpeil, co3maBaeMbix 3THMU oObextamu B COB, TO ecTs,
HHEPUMOHHBIE CBOMCTBA MaTepHaIbHBIX 00BEKTOB MOTYT OBITh
HEOTEJMMBI OT HX BOJHOBBIX CBOMCTB.

TakuM 06pa3oM, MOXHO MPEAINOJIOKHTb, YTO HE TOJBKO
BOJHOBBIE, HO M HMHEPLHOHHbIE CBOHCTBa MaTepHH 00sA3aHBI
CBOHM CYILECTBOBaHHEM OZHOMY H TOMY € B3aUMOAEHCTBHIO,
a MMEHHO CIIHH-CIMHOBOMY B3aUMOJECHCTBHIO B BO3MYLIEHHOM
obmacru COPB Mexay MHKpOYacTHLAMH, OOpa3yrOMMMHU
MaTepHUaJbHbI O0BEKT, H MHKPOYAaCTHI[AMH, COCTABIISIOIIMMH
COB.

7. «llamarey COB

Cornacso csoiictBy 4 (rmasa 1), 8 COB B cranuoHapHOM
COCTOSHMM KBaHTOBaHHbIE BUXpU He aubyHAUPYIOT.
CrnemoBaTenbHO, BO3MOXKHO 0Opa3oBaHHe CHCTEMOI KBaHTOBBLIX
0OBEKTOB BHXPEBBIX CTPYKTYp, KOTOpble He OyayT wucdes3arb
Mocne yAaleHus CHCTEMB M3 3aHHMaeMoid e  o6nacTu
npocTpaHcTBa. TO €CTb, MOXXHO TOBOPHTH O BO3MOXKHOCTH
CO3JaHUA CHCTEMOIl KBAHTOBBIX OOBEKTOB TaK Ha3bIBAEMBIX
«CIENOB» CBOEr0 HaxXOXKIOEHHA B Kakod-nubo obnactu
IPOCTPaHCTBA.

BriBojabl K raBe 3

1. Monens COB cBsa3piBaeT BOJIHOBBIE CBOHCTBA KBAHTOBBIX
00BLEKTOB ¢ CO3AaHHEM UMM Buxpeit B Bo3myniénHoM COB. B
CepAEYHHMKE  BUXPS  NPOHCXOAMT  INpENecCHst  CIHHOB
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MHKpo4dacTHl, coctaBisiromux COB. Yacrora aroi npeneccuu
paBHa 4YacTOT€ IIPENMHIEPOBCKOH  BOJNHOBOH  (QyHKUUH
KBaHTOBbIX 0OBexTOB. ([N ¢oToHAa OHA paBHA YacToTe
¢orona.) 3TOoT mOCTyAaT OOBACHAET caexyiomue (pu3nYECKUe
SBJICHUS:

— M3IyYeHHEe aTOMa;

~ B3amMopeiictBue (GOTOHA C JADYTMMH  KBaHTOBBIMH
o0bexTamu;

~ xoppensuuio mo ¢aze (GOTOHOB OIMHAKOBOH 4HaCTOTHI
HE3aBHCHMO OT Criocofa UX NMPUrOoTOBJICHUS,;

- a¢dexr BaBunosa—Uepenkora;

— (PENATHBUCTCKYIO» N0OABKY K Macce.

2. B mogenu COB BOMHOBbIE U HHEPUUOHHHIE CBOMCTBA
MaTepud  MOryr ObiTh  OOyCNOBJIEHBl  CIIMH-CIMHOBBIM
B3aMMOJICHCTBHEM MEXJy MHKpOYacTuIamH, oOpa3yromuMu
MarepuanbHble YaCTUIBI, I MHKPO4YAaCTHIIAMH, COCTABIAIOIIHMHU
COB.
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T'iaBa 4. BuiBoa gopmya 1151 OnMcaHus
3¢Ppdexra Jlonsepa u pe3yabTaToB onbiTa Puso.
IocTyaaTt 0 NOCTOAHCTBE CKOPOCTH CBeTa

B rnaBe 2 6bII0 MOKAa3aHO, YTO CBEPXTEKYYMH (u3Hueckuit
BaKyyM SfBISETCA CBETOHOCHOM CpeioH, TO €CTh, CBET
pacnpocTpansercs B HEM Kkak mpouecc. Kak B 3Tom ciydae
onucath nonepeynslit a¢pdexr Jomnepa, pesyapraT onsita Puso
U JpYTHE CBETOBBIE #BIEHH:A, YCHCIIHO OOBACHEHHBIC
crenuansHoH TeopHe OTHOCHUTEJIFHOCTH (CTO),
«yIpa3IHUBIICH)» CBETOHOCHBIH 3¢up?

B nmannoifi rnaBe OymeT 1noxa3aHO, 4YTO, MpHHSB
9MHCCHOHHYIO T€OpHUI0 PUTIIA, KNAaCCHYECKHUH 3aKOH CJOXKEHHS
CKOpocTeli M y4uThIBasg  B3aMMOACHCTBHE  CBETa €
MU3MEPUTENBHOM CHCTEMOI WM € MPO3PavyHON CPEHOH, MOXHO
I8 ONMCAHHA MOPOAONABHOrO © HomepeyHoro 3¢dexron
Jloriepa v s ONMUCAHUS PE3yabTaTOB OnbiTa OHU30 MOIYYHTH
(GopMyInBl, COBMAJAIOIIME C BBICOKOH CTENEHBIO TOYHOCTH C
a"anoruyubiMu  popmynamu, momydenHeiMHd B CTO. B sroit
[JlaBe HCIOJB30BaHbl pe3yasTarel pabor [10, 11, 47-51],
BBHIMOJIHEHHBIX aBTOpoM coBMecTHO ¢ H.b. CoTunoi.

4.1. dmuccHoHHas Teopus Purna

B 1908 roay Putu mnpeamonoxwi, 4ro (yHaaMeHTalbHas
KOHCTaHTa ¢ — 3TO CKOPOCTb CBETa OTHOCHUTEIHHO HMCTOYHMKA B
BAKYyME€ M BEPEH KIACCHYECKHI 3aKOH CIOXEHHs CKOPOCTEH
[52]. Tak Ha3sIBaeMasi «3MHCCHOHHAs» Teopus Purtna oObsacHuIa
a¢dext 3Be3aHOI abeppaunu U onbslT MailkenbCoHa, a TakxKe
OOJILIIMHCTBO JIPYTMX SKCINEPHUMEHTOB, IIOCTABICHHBIX JUIs
obHapyxeHus «3duproro serpa» [53]. Oanaxo Op11H ABICHUSA, B
YaCTHOCTH, Pe3yJIbTaThl IKcnepuMenToB Maiikenbcona-Mopnu ¢
BHE3EMHBIM HCTOYHHKOM cBETa u pe3yJ/IbTaThl
CIIEKTPOCKONHMYECKOT0 aHaIN3a CBETA OT ABOHHLIX 3BE3X [54, 55],
0o0bSICHEHHE KOTOPhIX C IIOMOMIBI0 3MHMCCHOHHOH TEOpHH
BCTpeTwIo TpyaHocTy. OKOHYATENBHBIH, KaK Ka3anoch QU3MKaM,
OTKa3 OT TeOopud Purna npoH3omén nocae 3SKCIEPHMEHTA,
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seinoarennoro B IJEPHe, B Xenese, B 1964 roay [56]. B atom
IKCIIEPUMEHTE H3MEPIOCh BpeMma Impoiéra (oroHamMH C
sneprueit 6 IdB, ofpasyromuMucs npH  pacrnazae
BBICOKODHEPT€THYECKUX HEHTPAIBHBIX MHOHOB, IYTH, PaBHOrO
80 metpaM. I[Tuonbi oOpa3oBsiBaMCh 1pu GomOapaHpoOBKe
6epruineBoil MumeHn npotoHamu 19,2 B u umenn ckopocTs,
pasuyio 0,99975 c. B npenenax 3KCHEPUMEHTANBHON OIHOKH
6b10 HAMZEHO, YTO CKOPOCTh HMCHYIICHHBIX IBMXKYIIMMCS
HCTOYHMKOM (OTOHOB TNpH MNPOJNETE YKA3aHHOIO IIyTH
paBHsNACH C.

B »T0i1 rnase Gyner moka3ano, yro nonydensnie B IIEPHe
pe3yabTaThl  MOryr  ObITh  OOBSCHEHBI B paMKax
paccmarpusaemoii B pabote Mozxenu COB u npu coxpaHeHHH
SMHCCHOHHON TEOPHH.

4.2. DddexT [lonaepa aas cera

BuiBox (opmynsl, omuceiBaroieit 3¢dext Jlomiepa BEIIONHEH
IS [UPKYJISIPHO-TIONSAPH30BaHHOTO (HOTOHA, HAXOAAIIETOCs B
YHCTOM COCTOSIHHH, TO €CTh, C ONpPEACIHEHHBIM HMIIYJhCOM H
nossipusanueii.

C TOYKM 3peHHs  MHEPIMOHHBIX  CBOHMCTB  (hOTOH
paccMaTpuBaeTcs Kak ABmKymasics Macca. OTMETHM, YTO NEPBLIE
KOPIYCKYJISPHBIE MOAENH CBETOBOrO IOJs, COCTOALIETO U3
3JIEMEHTAPHBIX  4YaCTHI] — KBaHTOB, MOABWINCH IIOCIE
skcnepuMenToB A. KoMnTona mo paccessHUIO pPEHTT€HOBCKHX
nygeit (1922r.) [57]. HabmopaBmeecs B HHMX H3MEHEHHE
YACTOTBl PACCESHHOTO M3IY4YEHHS MOMIO ObITh OOBACHEHO
YIPYrMM COyOAapeHHEM ONEKTpOHa M YacTHUBI, OOsajaromier
suepruer hw (@ — 4acTora U3IyueHUS) U UMITynbCOM hw/c. B
1929 roay I'. H. JIstouc Ha3Ban 3Ty 4acTUIy HOTOHOM.

Jueprusi (pOTOHA B CHCTeMeE JeTEKTOpa

PaccMOTprHM HMHEpPIHMATIBLHYIO CHUCTEMY OTCYETa, CBA3AHHYIO C
NETEKTOPOM, B KOTOPOH MCTOYHHMK CBETa MacCoil M nBuxeTcs
CO CKOPOCTBIO V. [IpuHMMaeM, 4TO MCTOYHMK CBETA IIOKOUTCS

OTHOCHTEJILHO 3eMJIH. C-)Heprnx UCTOYHHMKA CJIarac€rca H3
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KMHETHYECKOH SHEPTrHH Mvg /2 wn BHyTpeHHeH sHeprum W

BO30yXIeHHbIX aTOMOB. IIpH H3ny4yeHHH (POTOHA BHYTPCHHAA
9HEprus. MCTOYHHKA H3MEHSAETCA M CTaHOBUTCA PaBHOH M.

Kpome TOro, m3-3a JaBlCHHA H3NY4Y€HHA HCTOYHHK
HCIBITHIBACT OTAAdy: €ro CKOPOCTh IOJYy4aeT IPHpPAIICHUE
v;-vy (v; — CKOpPOCTh HCTOYHHKA IIOCH€ MCIYCKAHMA

¢orona). 13 3aKOHOB COXpaHEHHs SHEPIHH H HMIyJIbCa
HMeeM:

2
MUO M- mph)vl

+Wy = ( +M+Up, (41)

Ml)o =(M—mph)1)1+mph(c+1)0), (42)
rae Uy, — sHeprus GOTOHA B CHCTEME JICTEKTOPA; My, — Macca
doTOHa, CBA3aHHAa1 C  XapaKTCPUCTHYECKOM  4acTOTOH

H3IIy4CHHA aToMa, axy, COOTHOIeHHeM [30]:

h
Mgy = 4.3)
C

YuursiBas, 4TO
h(l)o = Wo - VV] ) (44)
u3 ypaBHeHuit (4.1) u (4.2) monyqaem:
2
MUO (Ml)o -—mph (c+1)0))
2 2(M =mpp)

Uph ha’O

mphvg+2mp,, (c'vo)—mgh (c+vo)2/M
2(1-mpy | M) '

Ecnu Macca M ucroynuka MHOro 6oneiie Maccsl GoToHa, m

ph>
WIEHAMH, COAEPAUMMH  OTHONIEHWE My, /M, MOXHO
npeHeOpeys. B 3TOM npubnxeHnu HMEEM:
Upp = haxy +mp, (c-v0)+mp;,vg /2, wn:
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2 2
mph(c+1)0) _MpicC

Upp =hay + 5 > (4.5)
[Toncrasnss (4.3) B ypaBHeHue (4.5), nomryyaem:
2
Mmpp(C+v9)"
U pp =~ > + ;’0. (4.6)

B gactHOM ciyuae, npu vy =0 (MCTOYHUK CBETA HAXOAUTCS B
[IOKOE OTHOCHUTEJIBHO BBIODAaHHON HWHEPLHATIBHOH CHCTEMBI
orcuéra) ¢ yuéroM (4.3) aHeprus ucmymeHHoro gorora Uy,

paBHa 7y .

Taxum oGpasom, smeprus ¢orona Uy, kak obbekra ¢
Maccoil mp, NpeICTaBMMa B BUAE ABYX CIIAracMEIX. ITepBoe

claragMoe — KHUHETHYEeCKas DJHEeprus LEeHTpa MacC B
NPEANONOKEHNH, YTO B HEM COCPEIOTOUECHA Bes Macca (OTOHa,
BTOpPOE — 3HEprHs, O0YCIOBACHHAs JBHXKEHHEM BOKPYT LEHTpa
MacC, XapaKTepu3ylollas BHYTPEHHHE CTeNeHH CcBOOOALI
¢orona. IlpencraBneHne (C TOYKM 3PEHHA  IHEPTHH)
LMPKYJISPHO-TIOJNAPHU3OBAaHHOTO  (OTOHA Kak oOOBEKTa €
BHYTPEHHHMH CTENEHSIMM CBOOOJABI COIJIACyeTcs C TEM, 4TO B
KBAHTOBOH MEXaHHKE 3aKOHBI COXPAHEHHA [UIl CHCTEM,
COCTOALIMX W3 MAaTCPHAIBHBIX YACTHI H (POTOHOB, YUHTHIBAIOT
HatMyne y (OTOHA MOMEHTa KOJMYECTBA JIBIDKCHHA 71.
(Ot™MeruM, uro  BHYTpeHHMX  creneHeli  cBoOomel  y
MaTepHAIBLHOIO 00BEKTa MOXET OBITh OECKOHEYHOE MHOXKECTBO,
O[HAaKO TpPH MOCTPOCHUH (HUIMYECKOH MOAENH YUHTBHIBAIOTCS
TOJIbKO T€ BHYTPEHHHE IBHXCHHS, KOTOPbIE MPOABIAIOT CE0s IpH
B3aMMOJEHCTBHSIX.)

B3aumopeiictBue ¢oroHa ¢ AeTeKTOPOM (M3MEpPHTEJNbHOM
CHCTEMOMR)

U3 skcnepumentoB (Hanpumep, $ortoaddexr) uzpecTHo, 4ro
CBET IIOTJIOIACTCH KBaHTaMH SHEPTHH hwy, T @, — YacToTa

PETHCTPUPYEMOrO H3ITydEHHUS.
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Eciu macca nerexkropa, Kak U Macca MCTOYHHKA, BEITHKA, TO
IBIDKEHHEM JETeKTOopa 3a CY€T JOaBJieHHUA CBETa MOXKHO
npeHebpeub, U, ClIeA0BATENBFHO, MOXKHO NpeHeOpeub MoTepIMH
aneprun ¢oroHa. Torma npu B3aumomedicTeuu (oroHa C

HeTeKTopoM BCs dHeprua Up, QoToHa B paccMaTpusaemoi

HHEPUHAIBHOH CHCTEME OTCY€Ta paBHa pPerHCTPHPYEMOId
3HEPTHH haw,, ¥ popmyna (4.6) npencraBuma B BUAE:

mph(c""')O)2 + hay
2 2
BBeném BexkTOp W, HalpaBiieHHBIH OT HCTOYHHKA K JETEKTOPY
(puc. 4.1):
wW=Cc+v. 4.8)
Wcnonssys (4.3) u (4.8), BBens yron 6 MeXxay BEKTOPaMH W H vV,

hoy = @7

H obosHauenne B =uv,/c, dopmyay (4.7) MOXHO 3anucaTh B

BHJIE:
2
(W) vy
hoy =hag| 1+ ———
c? 2c2
w 1
= hay (1+—ﬂcos9———ﬂ2} (4.9)
c 2
¢
Puc. 4.1. Cxema xopa yya cBeTa OT HCTOYHMKA K IPHEMHHKY.
C — CKOpOCTb CBETa, MCHOYIIEHHOTO MCTOYHHKOM; vy —

CKOpOCTh MCTOYHHKa CBETa OTHOCHTENIBHO HETEKTOpa CBETa;
W — pesyIbTHpyIoas CKOPOCTh CBETa, HANPaBIEHHOTO OT
MCTOYHHKA K IETEKTOPY; € — yroJl MeIy BEKTOpaMH W H V).
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Benuunna wlc onpencIiacTCA Hu3 COOTHOLICHUA

2 2

2
c“=(w-vp) =w +ug—2w-uocos0. PaspenuB obe uactu

3TOro COOTHOILICHHUA Ha c 2 , HMCEM

(w/c)2 —2ﬂcosl9(w/c)—(l—ﬂ2) = (0. YyuTsisas, uto w/c > 0,

¥ npuHUMas [ << 1, moiyyaeM TOJBKO OJHO pEeIICHHE:

wic=BcosO+y1-f2sin26. (4.10)

[Toncrasnss (4.10) B (4.9), nonyuaem:

2
@ = wo(l+ﬂcos6(ﬂcos9+ 1~ B2 sin? 0)—%}(4.11)

C TOYHOCTBIO 10 ,B3 ypaBHenue (4.11) MOXXHO 3anucaTh B BUAE:

o =w0(1+ﬂcosﬁ+ﬂzcos29

2

rac 0( ﬂ3) — cnaraeMeie 00J1€€ BHICOKOTO nopsaaka MaJloCTH, IeEM

p.

®opmyna (4.12) coBmajmaeT ¢ TOYHOCTBIO 1O ,82

2 3 3
——’Bz——ﬂ—cosH+—’Bé—c0539+o(,B3)), (4.12)

BIOUMTENEHO (2 mpu € = w2 ¢ TOYHOCTBIO [0 ﬂ3

BKJIIOYHTENLHO) C (opMyrnoii, onuceiBatomeil s¢dexr domnepa
B CTO [30, 58]:

VI-8* 2.2
————=ay(l+ fcosf+ f° cos” 0

Q=% 1-fBcosé

2 3
_—’BZ—_!;—COS0+ B3 cos® 0+0(B°)).

PaccMOTpUM HEKOTOphIE WYAacTHBIE Clyyad, CIEAyloIHe u3
¢opmyisl (4.11).
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— Ilpu cos@=0 mnonyuaeM mnonepeunslii 3¢dexr Jomrepa

o =ay(1-5212).
— Ilpu cos@d=1 u cos@=-1 moiyyaeM KIaCCHUYECKHIA
IIPOJOJIbHBIHN addext Jomnepa, COOTBETCTBEHHO

o =co0(1+,8+,82/2) i =(o0(l—ﬂ+ﬂ2/2).

Taxum 06pa3om, ecnu IPUHATH IMHCCHOHHYIO TeopHIo Puriia
¥ Y4ecTh B3auMozeiicTBHE (HOTOHA C U3MEPHUTENBHON CUCTEMOI,
TO MOXHO MOJNY4YHTh (GOPMYJb! JUIS OIUCAHUS MPOJOJBHOTO H
nonepeysoro 3¢dexkros Jomnepa, Hcnonb3ys KiacCHUeCKHH
3aKOH CHOXEHHS CKOPOCTEH.

ITocTysaT 0 MOCTOSIHCTBE CKOPOCTH CBETA

Jns BzaumopeiicTBug ()OTOHA C AETEKTOPOM (H3MEPHTENIBHOM
CHCTEMO#A) XapaKTEPHO CJIEAYIOLIEE.

1. Coxpanenne sHeprud (HOTOHA; IpeoOpazoBaHHE DHEPrHU
npoucxoaut mo popmyne (4.7).

2. CoxpaneHne MOMEHTa KOJIMYECTBA JBIKEHHA (oToHA, 7i.

3. CBa3p Mexnay osHeprueit U ph ¥ HaCTOTOH @ (QoroHa

onuceiBaeTcs popmynoit @y =Upy, /1.

4. V3Mmenenwe KonmyecTBa JABHXeHHA ¢GoToHa. KoamyecTso
IBIKEHUsT (OTOHA B CHCTEME JIETEKTOpa B peE3YJIbTaTe
g3aumooelicmgusi C JIETEKTOPOM (U3MEPHUTEIILHOH CHCTEMOI)

HU3MEHAETCS  OT mph|c+1)0|, cMm. (4.2), mo hawy/c, B

COOTBETCTBUH C JaHHBIMH 3(dexta Komurona. YuurtsiBas (4.2),
(4.3), (4.8), (4.10) u (4.11), MOXKHO OIpENEHUTb PasHOCTb Ap
MEXIY KOJIMYECTBOM JBIDKEHHs (OTOHa (B HampaBaeHHH W) 10
ero B3aMMOMAEHCTBHS C AETEKTOPOM H KOJIHYECTBOM ABHIKEHHS,
OIIPEAEIAEMOM B NPOLIECCE B3aRUMOAEHCTBHSL.

Ap: hj)l _hc(lz)o w= hj)o [1+(ﬂ0089"‘1)

'(ﬂcosﬁ+\/1—ﬂ23in29)“'82]- (4.13)

2
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IIpu f=0u f=2cos@ Ap =0, TaK KaK B 3THX ClIy4asiXx w=c¢
, cM. (4.10).

Hecoxpanenue xonuuecTBa ABHXXEHHUs CBA3aHO C M3MEHEHHMEM
HHEPLUHOHHBIX CBOMCTB ()OTOHA MPH M3MEHEHUH €ro 4acToThl. J{o
B3aHMOJCHCTBUS C HETEKTOPOM B CHCTEME JETEKTOpa Macca

¢orona, B coorsercTBuE C (4.2), IPHHUMANIACH PaBHOH fay) /c? ,a
IpH B3aMMOJEHCTBHH C JETEKTOPOM MAacca CTaHOBWIIACh PaBHOI

hay / 2. OTMETHM, 4TO, B COOTBETCTBHH C BEIBOJaMH IJIaBbl 3,

Macca obpasyercs B Buxpax COB.

5. PameHCTBO CKOPOCTHM CBE€Ta OTHOCHTENBHO JI€TEKTOpa
($yHIaMeHTaNnbHOH KOHCTaHTE ¢. DTOT BBIBOJ CleAyer U3 TOro,
YTO B 3JIEKTPUYECKHX MOMAX AaTOMHBIX sjep (POTOH MOXeT
pPOXZaTh Tapy dYacCTHMIa-aHTMYacTHLAa C CYMMapHOH Maccoi

hay /c*, a ero KOTMYECTBO ABEKCHHA paBHO hay/c.

CnenoBarensHo, B pamkax Mozenu COB npu B3aumoneicTeuu
(oTOHAa C JIETEKTOPOM €ro CKOPOCTb H3MEHSETCA OT

[w[ = [c+1)0' , M. (4.2}, no c.

Takum o0Opa3oM, Ha OCHOBAaHMM IIE€PEYHCICHHBIX BBIIIE
XapakTepucTUK 3 — 4 W BBHIBOJOB TJaBbl 3 MOXHO
chopMynupoBaTh YCIOBUS BBIPABHMBAHHUS CKOPOCTH CBETA IIPH
B3aUMOJIEHCTBHH C JETEKTOPOM /0 3Ha4eHHus PyHIaMeHTaNbHOi
KOHCTaHTel c¢. Cxopocth ()OTOHA BBIPDAaBHHBAETCA B TeX
cucreMax otcuéra, rne GoroH obpaszyeT BUXPb, B CEpAEHHHKE
KOTOPOTO 4acToTa IIPeleCCHH @ COMHOB MHKDPOYACTHII,

cocransmomux COB, ceasana ¢ oHepruedl dorona Uy

cootHomenueM @y =U,,/h, a Macca cepAevyHHMKA DaBHa

ph
hay /c2.

DTOT BBIBOJ OTHOCHUTCS HE TOJIBKO K B3aUMOJEHCTBHIO CBETA
C JHerekTopoM (u3MepuTenbHOU cucTemoit). B cucrteme
HCTOYHHMKA, OTHOCHTEIBHO KOTOPOTO, COTJIACHO SMHCCHOHHOI
TeOpuM PHTIa, CKOpOCTh CBeTa paBHa (yHIaMeHTaNbHOM
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KOHCTaHTE C, 9HEPIus, 4acToTa U mMacca ¢oToHa coriacHo (4.3)
u (4.4) ca3aHbl MeXAY COO0H TaKUMHM )K€ COOTHOILIEHUSMHU, KaK
U IIpH B3aHMOACHCTBUM C JAETEKTOpoM. B TO ke Bpems, B
pamkax mozeau CPB (cMm. rmaBy 3) ¢oron obpasyercsa npu
H3MCHEHUH XaPaKTEPUCTUK BUXPS, CO3aBAaEMOI0 3JIEKTPOHOM B
aToMe.

Takum obpasom, u3 mogenu COB cnepyer, uTO CKOPOCTH
CBETA BHIPABHUBACTCA A0 3HA4YECHHUS QYHAaMEHTAIbHOH KOHCTAHThI
C B T€X CHCTEMAxX OTCYETA (B TE€X M3MEPUTENBHBIX CHCTEMAx), B
KOTODPBIX KBAaHTOBBIE 00BeKTHI co3aatoT Buxpu B COB, a umenno B
CHCTEMaX, B KOTOPBIX, COIJIACHO BHIBOAAM IVIaBbI 3, BO3HUKAIOT
BOJIHOBBIE CBOMCTBA MAaTE€pPUH. JTOT BBIBOA B ONPEAEIEHHOH
CTENEHH COITIACYeTCss CO BTOPBIM MOCTYJIATOM CHELHAIBHOH
TCOPHH OTHOCHTENBLHOCTH, COTJIACHO KOTOPOMY CKOPOCTb CBETa B
BAKyyMe€ B JIOOBIX HHEpIMAIBHBIX CHCTEMaX OTCYETa paBHA
byHnaMeHTaTPHONH KOHCTaHTE C HE3aBHCHMO OT JBHKEHHS
ucrounuka [30, 58].

IIpumeuanue. BrlpaBHHBaHHE CKOPOCTH CBETa [0

BEIMYHHBI C B IOJAX, CBA3aHHEIX ¢ 3eMi€il, 00BsICHUIIO

Obl pe3yabTaThl OKCIEPHMEHTA, BBHINOJIHEHHOIO B

IIEPHe (cM. pa3gen 4.1), Tak Kak B 3TOM 3KCIEPUMEHTE

CKOpOCTb (POTOHOB U3MEPSIACH OTHOCUTEIBHO 3EMJIH.

4.3. IIpoxoskaeHue cBeTa Yepe3 ABHKYMYHCS cpeay.
OnbiT ®U30
Ewe B 1818 r. ®penens npennoxun GopMyity, ONpeaesIonyo
CKOPOCTh CBETA ¢, B NPO3PayHOH cpene, KOTOpas IBHXKETCS
OTHOCHTENIBHO HabmojaTens co ckopocteio v [30].
c |

Cy=—+ 1—7 v, (4.14)

n n
3€Ch n — moKasatenb npenomicHus cpenst. Gopmyna (4.14)
COBIAZAAeT ¢ TOYHOCTBIO A0 fF =vU/c ¢ GopMysoH, NONyIeHHOH
B CTO. 3ameTnM, YTO 3HaYEHHE IOKA3aTeNsd NPEIOMIIECHHS N
OPUHMMAETCA HE 3aBUCAIIMM OT JABHXKCHHSA CpeNbl IO

OTHOILEHUIO K HCTOYHHKY CBETA.
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®opmyna (4.14) Obna 3KCIEPUMEHTANLHO HOATBEPKIEHA
®uszo B 1851 r. Cyrb ero omeiTa 3aKjmoyanach B CIEAYIOIHEM
[30]. JIyu oT uCTOYHMKA CBETA pa3JBaHBAJIC CHCTEMOM 3epKall.
3aTeM OAMH Jyd4 MPOXOAMJI dYepe3 TPYOKy C MABHKYIUEHCS
KHUIKOCTBIO B HAllPaBJICHHHU v, BTOPOH Jyd NPOXOAHJ 4depe3
3Ty Xe TpyOKy B HpPOTHBOIOJIOXKHOM HanpaBieHuH. Ilocne
npoxoxaeHus  Tpybku  oba  Jyda  mocTymaiuM  Ha
nareppepomerp.  HM3-3a  pasnuyus  CKOpOCTEH  Jiydew
OTHOCHTEJIBHO HEHOJBHXXHBIX CTEHOK TPYOKH MexXAy HMMH IIpH
BBIXOJI€ U3 TPYOKH BO3HHKAJA pa3HOCTh XOAa, U3MEHAIOMANACH C
H3MEHEHHEM CKopoctd TedeHus o. [Ilo  cMmemieHuro
MHTEeP(EPEHIIMOHHBIX TOJ0C U3MEPsIach ¢, . Bca ycraHoBka

MTOKOUIACH OTHOCHUTENIBHO 3eMIIH.

Hmwxe Oyner nokasaHo, uro ¢opmyny (4.14) moxHO
HONYYHTh, OCHOBLIBasCH Ha 3MHCCHOHHOH Teopuu Purua u
KJIaCCHYECKOM IPUHIIUNE CJIOXKEHUS CKOPOCTEH, €CIM YYeCThb
B3auMozeiicTeue QoToHa ¢ arToMaMH (MOJEKYJIaMH) IIPO3padHON
. Cpensl.

3aMeTHM, YTO CKOPOCTh U B ypaBHeHuu (4.14) He 3aBHCHT
OT UIMHBI MyTH, TPOXOANMOTO CBETOM B IPO3payHOM cpene.
CnenoBarenbHo, BBIBOA (HOpMYsbl MOXKET NPOHU3BOAMTHCA JJIA
JJ€MEHTa Cpejlbl TPOM3BOJbHOM AnMHEI [. PaccMoTpum nBa
ciydas.

1) o= 0. O60o3na4uM yepe3

l
to =— (4.15)
c
BpeMs NIPOXOkAeHHs (POTOHOM MyTH IJIMHOH / B Bakyyme (BHE
cpennl). Torna BpemMs NpoxoxIaeHHs (POTOHOM TAaKOTO XK€ MyTH

BHYTPH IIPO3pauHOi Cpelsl onpeesseTcsa Kak
In
fo+ At =", (4.16)
c

rae At — cymmapHoe BpeMs 3aiepXKku (oToHa Ha JnuHE [ 32
CYET B3aUMOAEHCTBHS (POTOHA C ATOMAMH CPEBI.
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2) v#0. JonycTuMm, YTO v HampaBliecHa OT HMCTOYHHKA K
uHTepdepomerpy (pe3ynbTaT He M3MEHHWTCS, €Ciii CKOPOCTh v
HAanpaBuUTh B IIPOTHUBOINOJIOXHOM HampaBieHuH). Toroa B
CHCTeMe, CBA3aHHOM ¢ IBIXKymielcs cpenoi, ckopocTth poTona
BHE Cpellbl, B BaKyyMe, paBHa c—U H, CI€IOBAaTelIbHO, BpEMs
npoxoxaeHus GOTOHOM MyTH ANHHOH / B Bakyyme Oyaer paBHO

/
H= , (4.17)
c—v
a BpeMs MpPOXOXAeHUsA (OTOHOM TOTO Xe NyTH B cpene Oymer
paBHO

t1+At=—{;-, (4.18)
c
rae ¢' — cpemHas CKOpocTh (OTOHA B CHCTEMe, CBSI3AHHON C
JIBIOKYIIEHCS Cpenoi.
W3 3KCIIepHMEHTOB H3BECTHO, YTO MOKA3aTeNb MPEIOMIEHUS
n cnabo 3aBUCHT OT 4acTOThl. YuuthiBag a¢dexr Homnepa, 3to
O3Ha4aeT, YTO B NEPBOM NMPUOIMKEHUH IO [ BpeMs 33AE€PKKH

MOXHO CYHMTaThb HE 3aBHCAIIUM OT cKopoctH L. Takum
06pa3oM, MOXKHO CUHTaTh, YTO B COOTHOMmEeHHUsX (4.16) u (4.18)
HCTIONIB3YETCS OJHO M TO ke 3HayeHue At. U3 (4.15) — (4.18)
HOJIy4aeMm:

Lo Ll @19
f'ed c—V C C

WUcnonp3ys (4.19), onpemensem ckopocts (OTOHA
OTHOCHTEJILHO HEMOJBHXHOrO HHTEpdepomeTpa:

2 2
* c(c—-v c“—vec(l-n)+v°(1l-n
Cy=C +U= (c—v) +u= d=n)+o"(-n)
cn+uv(l—n) cn+uv(l—-n)
H3 mocneaHero COOTHOIIEHHS C TOYHOCTBHIO A0 £ HONydYaeTcs

dbopmyna Openens (4.14):
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_ Un-Bln+p+p% n-p? B ﬂ
T Ty I V7 R P 5

2
1+,B(1——)+,B (1——) T 1——12-)1).
n n n

BuiBoap! k riaase 4

1. TMocTynupys BENMYMHY CKOPOCTH CBETa OTHOCHTENBHO
HCTOYHHMKA PaBHO# ¢, Hepruio (HoToHA Kak oOBEKTa ¢ Maccoi

m ph MOXXHO IIpeACTaBHTbL B BHJAE JIBYX Cllarac€MbIX. HepBoe

clnaraeMoe — KHHETHYecKas »SHEprus ILEHTpa Macc B
TIPEINOJIOKEHHH, YTO B HEM COCpEJOTOYEHa BCs Macca (OTOHa,
BTOpPOE — JHEprus, o0ycloB/IeHHas ABMXXEHHEM BOKpYI LICHTpa
Macc, XapakTepu3ylolias BHyTpeHHHE CTeneHu cBoOob! HOToHa.
2. OCHOBBIBASICH Ha SMHUCCHOHHOHN T€OpHH PHTIIA, KJIIACCHYECKOM
3aKOHE CJIOKEHHS CKOpOCTed UM INpHHUMAs, YTO MOpHU
B3aUMOJEHCTBIH (OTOHA C H3MEPUTEIBHOM CHCTEMOH BCA
9HEPTrUs CBOOOAHOro (POTOHA PETUCTPUPYETCS KaK SHEPTHUA oy

(an — peructpupyeMas yactoTa (OTOHA), MOKHO NOJY4YHTB
dopmyny s onucanusa dddexra Jlomnepa, COBHAJAOLLYIO C

2 " " .
TOYHOCTBIO 110 [° c anamorudHoi QopMynoii, nomy4yeHHOH B

CTO.

3. OcHoBbIBasiCh Ha 3MHCCHOHHOH Teopum PuTia, nmpHHUMas
KJIACCHYECKHH 3aKOH CHOXEHHA CKOPOCTEH H YYHThIBas
JIMHAMHYECKOE B3auMoJieiicTBUE (OTOHA € aTOMaMH CpeJbl,
MOXHO HONY4uTh Gopmyny DpeHens [Uis CKOpPOCTH CBETa B
ABHXKYILIEHCA cpele.

4. U3 momemu COB crnenyert, 9T0 CKOPOCTh CBETA BHIPABHHBAETCS
10 3HauyeHus (yHIaMEHTAIPHOH KOHCTaHThI ¢ B T€X CHCTEMax
0TCY€éTa, B KOTOPBIX KBaHTOBBIE OOBEKTH! co3aatoT Buxpu B COB,
TO €CTh, B CUCTE€MaX, B KOTOPBIX, COIJIACHO BBIBOJIaM IJIaBhI 3,
BO3HHKAIOT BOJIHOBBIE CBOMCTBA MaTEpUH.
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I'nasa 5. Dnexrpuyeckuii TMNOJILHBLIA MOMEHT,
CBSI3aHHBbIN ¢ BOJIHAMH MaTepni KBAHTOBbIX 00bEKTOB

CorylacHo BbIBOJIaM IJIaBbl 3 BOJHOBBIE CBOMCTBAa KBaHTOBBIX
0OBEKTOB 00YCIOBNCHBI CO3JaHKEM dTUMH 00BEKTaMH BUXpE# B
C®B. B cootBerctBiH cO cBOicTBOM 9 (rmaBa 1) cepieyHHK
BHUXPS HMEET 3NCKTPUUECCKUM TUNONBHEINI MOMEHT.

3neKTpnqec1<ax HOJSAPU3AUUSA CPEbI B CEPACUYHUKE BUXPS B
CBerTCKY‘{eM He-B IIPOHCXOAUT 33 c4€T AedopManiuy aTOMOB
3He, cOCTOSIMX H3 SIEKTPHUECKH Pa3sHOMMEHHO 3apsKEHHBIX
3MEKTPOHOB M IIPOTOHOB.  MexaHusM  o0pazoBaHusd
3JIEKTPHYECKOrO0 JAMIIONBPHOTO MOMEHTa CEpACYHHKA BHUXPSA
cymectsyet 4 B COB.

CornacHo cBoiictBy 12 (rnmaBa 1) B cBepxTeKkyueM He-B
aTomsl “He 006pa3yroT maphsl B p-COCTOSHHH. OTO COCTOSIHHE, B
KOTOPOM MEXAY IJCKTPHYECKH OTHOUMEHHO 3apsKEHHBIMU
YacTHIIAMH CO CIIMHaMH, OPHEHTHPOBAaHHHIMH B OJHOM
HalpaBl€HHH, JCHCTBYIOT CHMIBI TPHTSKEHHSI, a MEeXIy
3NEKTPUYECKH pA3HOMMEHHO 3apsHKEHHBIMM YacTHLAMH CO
CIIMHaMH, OpPHEHTHPOBaHHBIMH B OJHOM  HaIlpaBIICHHH,
ACSHCTBYIOT CHIBI oTTaskuBanus [35, 59, 60]. Ecau cymectByer
aHaJIorHsA Mexaxy B3aUMOAEHCTBHEM COCTaBJISFIOLIUX

CBEPXTEKY4YHH He-B  wactul M  B3aHMOJENCTBHEM
cocrapnAromux CPOB MHKpOYACTHL, TO MEXIY OJHOMMEHHO
3apsHKEHHBIMHU MHKpOYacTHIaMH co CIIMHAMH,

OpPMEHTHPOBAHHLEIMHM B OJHOM HAIlPaBJICHUH, NEHCTBYIOT CHIIBI
OpUTSDKEHHS, a8 PA3sHOMMEHHO 3apsUKEHHBIMH CO CIIHHaMH,
OpHEHTUPOBAaHHBIMH B  OJHOM  HallpaBI€HHMH —  CHIIBI
OoTTalkuBaHusA. Tak Kak COrNAacHO cBoOicTBY 5 (rmaBa 1) B
cepaeynrke Buxpsi COB yMeer MecTo criuHOBas MOJApH3ALUA
C®B, 10 ecTh, OpHEHTalHs CIHMHOB MHKPOYAaCTHL B OIHOM
HanpasICHKH, B CEpJCYHHKE 00pa3yloTCs Ba MPOCTPAHCTBEHHO
pa3fien€HHBIX, OSNEKTPUYECKH Ppa3sHOMMEHHO  3apsKEHHBIX
«KBa3UKOANanca» Mukpovacthi. CnenoBaTenbHO, MOXHO
FOBOPHTH 00 JJIEKTPHYECKOM AUIIOJIEHOM MOMEHTE CepAeUHHKA
BUXPA M COOTBETCTBEHHO 3JIEKTPUYECKOM IUIIOJILHOM MOMEHTE
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KBaHTOBOTO 00BEKTa, CO3AAIONIEr0 3TOT BUXph. B nanpHelmem
9TOT 3JIEKTPHYECKMi JMNONBHBIH MOMEHT OyneM Ha3blBaTh
3/IM-BM (anexTpuueckuil AUIONBHBIA MOMEHT, CBA3aHHLIN C
BOJIHAMH MaTepud). B maHHOH rylaBe OyayT pacCMOTpPEHBI
ABjIeHHs, oOycloBIeHHble  cymecTBoBanueM OJIM-BM.
Hcnonb3oBaHs! MaTepuaist pabot [61-63].

O603HaunM BEIHYHHY 3apsa KBa3HKOJUIATCA,
o0pasyromerocs B CepacYHUKE BUXPH, Yepe3 ¢, , @ PaCCTOSHHE

Mexay KBasukoitancamu uepe3 L. Torma Bemuuuny OJM-BM
BHXpS, d,, , MOXXHO IIPEACTABUTh B BUIE:

d,=q,L. (5.1
Omnpenenum IIM-BM d, zans anexrpona, T0 €CTh, d, =d,.
IIpu onpemeneHMH ¢, TPUHHMAEM, 4YTO YACAbHBIA 3apsn

KBa3HKoJU1alica B CEpACYHHKE  BHXpdA,  CO3JaBacMoOro
3JIEKTPOHOM, PaBEH YAEIBHOMY 3apsay 3JEKTPOHa:
2q e
v
—=—, (5-2)
m, m,
Ie € ¥ m, COOTBETCTBEHHO 3apsJ H Macca JJIEKTpOHa, m, -

Macca, 3aKmou€HHas B CEpACYHUKE BUXPSA, TO €CTh, CyMMapHas
Macca JBYX KBa3sHMKOJUIANCOB. 3ameTuM, uro emw€ B. Pury
orMedan, yro sxcnepuMents! Kaydmana no MarHMUTHOMY U
JIEKTPUYECKOMY OTKJIOHEHMIO Oera-nyueit pafus «IpUBOIAT K
yOeXXIEHUIO», YTO Macca OJIEeKTPOHA HMEET IOJHOCTHIO
3NIEKTpOMarHuTHyto mnpupoxy [30, 64]. B mozenu CPB 3to
03HAYaeT, YTO OJJIEKTPOH SBIAETCA KBA3UKOJUIANICOM TOJIBKO
NEKTPHYECKH OTPHULATENBHO 3apsHKEHHBIX  MHKPOYACTHLI,
cocrasisonx COB, mO3UTPOH — TOJIBKO MOJIOKUTEILHBIX.
Pa3smep nunons L onpenenuM ciaeayromuMm oopasom:

L=yk, (5.3)
rae ¥ — ko3(QHUHEHT MNPOMOPUHOHAIBHOCTH; A — JJIHHA
BOJIHBI BOJMHOBOM (PYHKIMM KBAHTOBOro OOBEKTAa, CBSI3aHHAA C
€ro KOJMIHYeCTBOM IBIDKEHUS p Kak [35]:

R=hn/p. (5.4
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Buipaxxenue (5.1), ompenensromee IOJM-BM anektpoHa, ¢
ucnons3oanueM (3.3), (3.5), (5.2) u (5.3) npeobpasyerca K

BUOYy: d, = /A eh2 ogpk . Umn, ¢ yaérom (5.4) n BeIpaxkeHus
oC
ans marHeroHa Bopa [28] ug =eh/(2m,c), nMeeM:
d,= ruphos, (5.5)
cp
IMoxcrasnas (3.2) B ypaBHenue (5.5), nomydaeM s d,, :
d, = 28% (5.6)
4

YuureiBas papeHcTBa Uy = mev2 /2 u p=m,v (v— CKOPOCTh
3JIEKTPOHA), UMEEM:

d, =28 (5.7)
2¢

OueBuzHo, yro BeipaxkeHHus (5.6) u (5.7) 6yayr crpaBeaMBLI
taxxke 4 A1 OJIM-BM nosutpona, d e
Paccmorpum B3anMHylo opueHTamuo v u d,,. Cormacto (5.3)

pasmep aumoisi, obpazoBanHoro B CDB mBmxymumcs
KBaHTOBBIM OOBEKTOM, OIpENeNseTCs UIHHONM BOJHBI €ro

BONHOBOH GyHkumu. Ilpunumaem, uro d, TTkg, wm
d, Nk Sh»> THe Kg, — BOJHOBOH BEKTOp IIPENMHIEPOBCKOH

BOTHOBOH (YHKLMH KBaHTOBOro o6wekTa, kg, 71 p [35]. Ecin

KBaHTOBBIH  OOBEKT  ONEKTPHYECKH  3apsHKeH, TO  €ro
INMEKTPUYECKOE TMoje AcHCTByeT Ha CO3MABaEMbli UM
IEKTPUYECKHH JUMONs Kak MoMeHT. ClielloBaTellbHO, B
3aBHCUMOCTH OT 3HaKa KBaHTOBOrO OOBEKTa, NPHU YCIOBHH

p ™ v, cosnasaemsiit um DJIM-BM HarnpasjieH BOJIb CKOPOCTH
9Toro o0beKTa WM TPOTHUBONOJIOXKHO. TakuMm oGpasom,
Hanpumep, uis anextpona: d, 11 v, s nosurpona: d, Nv,

HJIY B O0II[EM BHJE:
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d, N1, (5.8)
rae I — osnekrpudeckuit TOK, CO3HaBacMbIH JBHXKYIIHMCS

3apsUKEHHBIM KBAaHTOBBIM OOBEKTOM.
ITo ompeneseHUIO EKTPUUECKOTO JUIIONBHOTO MOMEHTA:

d, NN E, rme E — HanpsxeHHOCTb 3/1EKTPHYECKOTO MHONS B
munone (B cepuaeunuke Buxpsa). Cormacuo (2.15) u (2.18)
HanpalieHue 3neKTpuyeckoit mongpusanuu COB B cepaedHuke
BUXPs POTHUBOIIOJNOXHO HAIIPaBJIECHHUIO CITMHOBOM MONIpU3ALIUU
C®B, 10 ecTh, HaNpaBICHUIO CYMMapHOIO CIHHA BUXpS S, .
Taxum obpa3zom,

d, 11s,. (5.9
CornacHo cBoiictBy 7 (rnaBa 1) cnuHoBas nonspusauus COB B
CepleYHHKE BMXPS CONMpOBOXIaeTcs mpeneccueit (¢ gactoToit
®,) CNHHOB MuKpouactHl, cocraiomux COB. Tlpu
HE3HAYUTENBHOCTH YIJIa HyTallM¥M B 3TOM INpPELECCHOHHOM
JABHKEHHH CIIPaBEIJIMBO: S, ™ ®,,. YuutsiBas (5.9), umeem:

d, M o,. (5.10)
Ha puc. 5.1 npeacraBneHa cxeMa B3aMMHOM OpHEHTALUH
BEKTOpOB V, S, ®, u d,, B cootBeTcTBUH € (5.8)-(5.10), nna

JABHIXXYIIHXCS JJICKTPHYCCKH 3apAKCHHBIX KBAHTOBBIX 00BEKTOB:

TIOJIOKHUTENBHOTO ' | OTpHULIATEIBHOTO e .

(’)V’ ¢ (O'Ii .—.—)
S, «— S,
v A . A
v & &8c d, v¢ L > d,
- +
e e
Puc. 5.1. BaaumHas opueHTanus CKOPOCTH V U XapaKTepHUCTHK
CEpPHEYHNKOB BHXpe#, €O371aBaeMbIX JIBIDKYIIAMHUCS

MEKTPUYECKH  3apAKCHHBIMH  KBAHTOBBIMH  OOBEKTaMH:
ONIOKHUTENBHBIM €' M OTPULATENBHBIM e : S, — CyMMapHBIii
CIIMH, ®, — YacTOTa NpelecCHt cnuHoB, d, — 3/IM-BM.
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CylecTBOBaHHEM JJIEKTPUYECKOrO JAMIIONBHOTO MOMEHTA
KBaHTOBOTrO 00BEKTa MOXHO OOBICHHTH LENBIH  psan
9KCIEPUMEHTANILHO HAOMIOAaEMBIX SBJICHUIA.

1. Cnun-opbuTtajibHoe B3auMOJeiicTBHE

PaccMOTpUM ABHIKEHHE 3JIEKTPOHA B aTOME. B 3JIeKTpHUYECKOM
nosne aToMHOro snpa E, Ha cepleuHHMK BHXpS, CO3aBacMOro
snekrpoHoM B COB, kak Ha 3JEKTpHUECKMH IMIOIb, 6szeT
neiictBoBath MOMeHT M [28]:

M=d,xE,. (5.11)
PaccMmoTpuM aToM BoZOpoJia, HaXOASAIIUICS B HEBO3MYINEHHOM
COCTOSSHMU. B 3TOM ciydae mosiHast SHeprust 3JIEKTpPOHA paBHA
KuHeTHYeckor sHeprun. Mcnone3ys (5.7) u (5.8) (cuutaem, uro
anexTpudeckoe none E, He Bauser Ha BenuuuHy OJM-BM

KBaHTOBOro 06beKkTa) B (5.11), umeem:

M—}?B (vxE,). (5.12)

Tipu pg TT(E, xv) u

y=1 (5.13)
npaBas yacTh ypaBHeHHs (5.12) coBnanaer ¢ BhIpaXEHHEM JUIS
SHEPrHH CHMH-OPOUTANBHOIO B3aMMOJENUCTBUS JJIEKTPOHA B

atome Bogopoza [60, 6511 Us_, =—pg(E,xv)/(2c). Taxum

06pa3oM, ecili CIHH-OPOUTAILHOE B3aHMOJEHCTBHE DJIEKTPOHA
ompenensierci MOMEHTOM, IEHCTBYIOUMM B 3JIEKTPHYECKOM
1osie sAapa Ha JIUIONb, CO34aBaeMblil 3ekTpoHoM B COB, To
9/M-BM osnexrpoHa d,, B coorBercTBHM € (5.6), (5.8) u

(5.13), MOXHO NpeACTaBUTH B BHIE:

U .
d, =k, (5.14)
cp
L[J'Iﬂ 3JICKTPOHA aTroMa BOJOpOJa, HAXOAAWICrocss B OCHOBHOM

-24 R
cocrosinuu (U, =13,63B, p=2'10"" kr'mc l), B COOTBETCTBHH

¢ (5.14) umeem: d, = 1074 Krm (7‘10-146'CM).
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Ipumeuanus.
1. PaBenctBo ¥ =1 cornacho (5.1) u (5.3) osnauaer, uto

NP NIPHHATHU «ILTAHETAPHOM MOAEITH» aToMa paguyc R
OpOUTEI 3JIEKTPOHA B OCHOBHOM COCTOSSHHM KpaTeH
pa3Mepy CO37aBaeMOro MM 3JIEKTPHYECKOro IHUIOJSA B
C®B, To ect, R=n,L, rae n, — INaBHOE KBaHTOBOE

YHCIIO0, XapaKTepU3yIoulee SHEPTHIO 3JIEKTPOHA B aTOMe.
(He wmcxmoyeHo, 4YTO HMMEHHO pasMep JUIIONS,
CO3/1aBa€MOr0  KBaHTOBHIM 00bekTOM B  CODB,
onpenenser AMPpakiu0 KBAHTOBBIX OOBEKTOB).

2. B coBpeMEHHOH KBAHTOBOIl MEXAHHUKE, B CHCTEME
YAaCTUIBI, JBHXYIIEHCSI CO CKOPOCTBIO V B

anexTpudeckom mnose E,, Bemuunna (1/ c)(Eaxv)

HHTEPNpEeTHpYETCS Kak MarguTHOE none,
OpHUEHTHUPYIOIIEE CIHHOBBIM MarHUTHBIA MOMEHT 3TOH

sactuust Baomb (E, xv). B paMkax paccMaTpHBaeMoii B

pa6ore mopenu C®B, cormacuo (5.11), pone 3TOro
OpHEHTHPYIOIIEI0 MOMEHTA BhInonHseT MOoMeHT M. Tlox
JeiictBueM MoMeHTa M IpOMCXOAUT OpHEHTAlM CIIMHA
yacTHIBl BAOAL M M, CII€NOBaTENIbHO, OpHEHTauuA eé
CIIHHOBOI'O MarHUTHOI'O MOMEHTA.

3. B mHacrosmee BpeMs BO MHOTUX JabopaTopusx
BeyTCs 9KCIEPUMEHTBI o OIpENENEeHHIO
9JIEKTPHYECKOr0  JUIOJIBHOTO MOMEHTAa  3JIEKTpPOHa.
CornacHo MONy4YEeHHBIM INAaHHBIM, €CIIH 3JIEKTPHYECKUH
IUIONLHBI MOMEHT 3JIEKTpOHa CYIIECTBYET, TO €ro
3HaueHMe He JOMKHO mnpeBhmath ~10%ecm [66].
Brruncnennoe Boime 3HaueHue D/IM-BM anekrpona B
aTome BoIOpOIa HE NIPOTHBOPEUUT 3TUM
9KCIEPHMEHTAIbHBIM JIaHHBIM, TaK KakK
paccMaTpMBaeMBIii B JaHHOM TIJlaBe JJIEKTPHYECKHit
JUTONBHBI MOMEHT KBaHTOBOIO OOBLEKTa HE SABIAETCA
CBOMCTBOM caMoro o0beKTa, OH BO3HHMKaeT B
CBEpXTeKyyeM (HM3HYECKOM BaKyyME€ TOJNBKO MpH
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IBHOKEHHHM O0O0BEKTa (MMeeTcs B BHAY HABHXEHHE, C
KOTOPHIM CBsi3aHa BoHOBas ¢ynkuus Llpénunrepa). Tax
kak J/IM-BM sBasercs XapakTepHCTUKOH BOJHOBOI
GYHKIMHM YacTHIBI, JKCIEPUMEHTAJIbHOE OIpeAeieHue
3HAYEHHUS 3TOM XapaKTEPHCTHKH CBA3aHO € Mpobnemoit
HU3MEpEeHHH B KBAaHTOBOI1 MEXaHHKE.

4. Hcnonp3oBanue ¢opmynsr (5.14) mis onpeneneHus

SM-BM ¢orona d ), naér: dpy = up.

2. CnunH-opOuTanpHOe B3aHMMOAEHCTBHE IPH paccesTHHH
HEHTPOHOB Ha siApPax
W3 »3KCIepUMEHTOB M0 pPacCesHHIO HEHTPOHOB Ha sapax
clieqyeT, Y4TO Ui HEHTPOHA, ABMKYLIETOCS B JIEKTPHUUECKOM
nojie sAAep, CHHUH-OpOMTaNbHOE B3aHMMOICHCTBHE HMEET JBE
COCTABJIAIONINE: TaK HAa3BIBAEMOE (QJIEKTPOMAarHMTHOE» CIIHH-
opbHTAIbLHOE B3aUMOAEHCTBHE, ONIPEAENSIONIee IIBHHI€POBCKOE
paccesuue (B [61, 62, 67] wucnomp3yercs TepMHH
«KYJIOHOBCKOE€»  CINUH-OpOMTAIbHOE  B3aUMOACHCTBHE), U
SAEpHOE CIIHH-OpOuTaNbHOE B3auMozeicTaue [67-69].

Mogpens COB npemiaraer o0bICHEHUE CITHH-OPOUTAIBHOTO
B3aUMOJEHCTBUS HEUTpPOHOB. [Ipum paccesHHH HEHTPOHOB Ha
sAnpax BeIIeCTBa 3Heprus HeitpoHa Oymer colepkarb ABa

Cllara€MbIX: KHHETHYECCKYIO 3JSHEPTHIO U k W SHEPruIio U nu o

onpeleNsdeMyl0 AAECPHBIMH  CHJIaMH, JCHCTBYIOIMMH Ha
HedTpod. Ecnu sneprua U,, BAMAET HAa 4acTOTy BOJHOBOM

¢yukiuu HIpénuurepa Heiirpona, a 9/IM-BM neiitpona, d,,,
TaK € KaK H Yy 3JIeKTpOHa, ABjiseTcs PyHKuueH 3Toi 4acToTHl,
cM. (5.5), To B coorBeTcTBHH ¢ (5.11) (B 3TOM Ciyyae d, =d,,)

nonHbli  MOMeHT M, peiicTBylomuii Ha  HEHTPOH B
JJIEKTpHYECKOM  Mojie  fAapa, OyxeT coAepXatbh  JBE
cocrapisome: M, cBsi3aHHyio ¢ Uy, u M, , CBA3aHHYIO C

U,,- Momenr M; MOXHO HUHTEpIpPETHPOBAaTh Kak
AJIEKTPOMAarHuTHoe  (KyJIOHOBCKOE) CHUH-OpOUTANIBEHOE
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B3aMMOJeiicTBHE, a MOMEHT M, Kak sjepHoe
opbuTaNnbHOE B3aUMOJEHCTBHE.

CIIMH-

Ilpumeuanus.

1. Tak kak HEHTPOH SABIACTCA  DIEKTPUYECKHU
HEATpabHOM YacTHULIEH, OH HE CO3MA€T JJICKTPUYECKOro
MOMEHTa, KOTOpbI JeiicTBoBayi Obl Ha BJIEKTPHYECKHIA
JUIONb, co3naBaeMblii HeditpoHoM B COB, To ecTs,
BekTOp d,, MOXeT OBITh HampaBi€H KaK IO CKOPOCTH

HEHTpOHA, Tak M NpPOTUB cKopoctu. Torma, B
coorBercTBUH ¢ (5.11) He ompeneneHo u HampaBileHHE
MoMeHTa M, M, CIEAoBaTelibHO, C OJHHAKOBOI
BEPOSATHOCTHIO CIIMH PAacCEMBAEMOI0 HEHTPOHA MOXET
ObITh OPHEHTHPOBAH KaK BJOJb CBOEro OpOMTaNbHOrO
MOMEHTa, TaK U IPOTHBOMOJOXKHO. OTMETHM, YTO, XOTA
9Ta PaBHOBEPOATHOCTh IIPOTUBOPEYMT (8
ONIpeAeNEHHOCTH 3HaKa) MPHUHATOMY B OGHIHAIBHOMN
HayKe BBIP@XCHHUIO JUIA DJIEKTPOMAarHMTHOIO CIHH-
OpOHTAIBHOIO B3aHMOJCHCTBHS HEHTpOHa:

(1/¢)p,(E;xV) (p, — COMHOBBIA MAarHMTHBIA MOMEHT

HeUTpOHA), OHA HE NPOTHBOPEUUT IKCIEPUMEHTAILHBIM
JIAHHBIM 110 PacCEsHUIO HEHTPOHOB. JleHCTBUTENIBHO, IIpH
paccesHMM HEHTPOHOB BEIIECTBOM PaBHOBEPOSTHO
moboe MOJIOXKEHHE HeHTpoHa OTHOCHTEINBHO
pacceuBatolero sapa (puc. 5.2), clegoBaTeNbHO, IS
pacceuBaeMoOro HEHTpoHa paBHOBEpPOATEH 00O 3HaK
p,(E,xv).

Puc. 5.2. Paccesinne HefiTpoHOB B

v v ToJIe AJEPHBIX CHIL
N — pacceHMBacMble HEHTPOHEI,
Ea PN Ea SIAPO — PACCEUBAIOLIIEE SOPO; V —
A d e ()
N gmpo ‘n CKOpOCT.I.:. HelTpoHoB; E, -
i, I, HAMPMKEHHOCTL  ANEKTPUIECKOTO
nons sAApa, W, ~— CIMHOBBIH

MarHUTHbI MOMEHT HEHTpOHa.
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2. B coorBerctBuu ¢ (5.11) u ¢ yuéroM 3aBHCHMOCTH
3/IM-BM oOT 3HEpruH MOXHO YTBEP)KIATh, YTO BCE BHIBI
3HEPrMM  JABHXKYILIErocs B  3NEKTPUYECKOM  IOJjIe
HEHTPOHA, OIpEACIAIOIHE YacTOTy €ro BOJHOBOH
¢bynkuun HIpénuurepa, BHOCAT BKIaJ B  CIHH-
opOuTaIbHOE B3aUMOJEHCTBHE HEHTPOHA.

3. HecoxpaHeHHe 4Y€THOCTH B aTOMAaX

Ha a5exTpoHBI aTOMa B 3JIEKTPHYECKOM MOJIE AApa JAEHCTBYET

3NIEKTpUYECKas cuia, MPOEKLHSA KOTOpO# Fde Ha
3NEKTPUYECKHH MUIONbHEIH MoMeHT O/IM-BM d, smexrpona
omnpenensercs BelpaxkeHueM [28]:

Fy =d.gradEy , (5.15)
rae Ede ~ NPOEKUHsA HaANpsHKEHHOCTH 3JIEKTPUYECKOT'O IMOJIA
anapa Ha d,. Jlnd mpuMepa pacCMOTPHM CHILy, JEHCTBYIOLIYIO
Ha IEKTPOH B aTOME BOJOpOJa, HaXoJAIIEMCS B OCHOBHOM

COCTOSIHUH. B 3TOM ciyyae mosHas SHeprus 3JIeKTpOHAa paBHA
ero KMHeTHYecKoW sHepruu Uy . B coorBerctBuu c (5.14),

(5.15) u c yyérom pasmepoB gunoins (5.1), (5.3), (5.4) u (5.13)
cuna Fy  onpenensercs Kax:

_ UpUye

Fy, = > 37 P> (5.16)
cpzrg I+ 22
P

¥, — DAcCTOSIHHE MEXIY 3JIEKTPOHOM M sapoM B atome. Jlns

3JIEKTPOHA aTOMa BOAOPOAA, HAXOAAIIETOCs B HEBO3MYILIEHHOM
coctoanuu: Uy, = 13,6 3B, p=2x 10 Kkrm/c, r, =5,3x 10w

Iloacrasnas 3tH 3HaueHud B (5.16), monyqyaem Fde ~ 10°H.

IonyyeHHas BeMMYMHA HA IIECTh MOPAAKOB MEHBIIE
KYTOHOBCKO# PaiHaJIbHOH CHJIBI MEXIY YIEKTPOHOM H ALPOM, H
Ha TPHIUATh YETHIpe MOPAaKa GOJblile rpaBHTAIIMOHHOM CHIIBL.
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CyiecTBOBaHHE CHIIBI Ede MEXIy 3JIEKTPOHOM M IpOM B

aToMe OOBICHseT HabmoJaeMoe B psAle IKCIEPHMEHTOB
HecoxpaHeHne 4€THOCTH B aromax [70-71]: mHampumep,
ONTHYECKYI0 AKTUBHOCTh aTOMAPHOrO BHCMYTa — BpalliCHHE
IUIOCKOCTH TMOJIApU3allMd NPOXOMSAILIEr0o 4epe3 HEero CBera.
OTMeTuM, 4TO CyLIECTBOBaHHE CIabOro 3JIEKTPOHHO-AACPHOIO
B3auMoJieiicTBusa (cnabee pagHanbHOrO JJIEKTPUYECKOro, HO
CHJIbHEe TPaBHTALHOHHOI'O), B  KOTOPOM  COXPaHSIOTCA
QJIEKTPUYECKHI 3apsf M BCE KBaHTOBbIE 4YHcna, ObLIO
npenckasado emé B EnuHoit Tteopum Inmsmoy—Baitn6epra—
Canama [72].

4. B3anmopeiicrBue 3JIEKTPHUYECKH HEHTpaJIbHbLIX
napajuiejibHbIX npoBoaswMx miacTus (3¢ppexr Kazumupa)
B pamkax Mmomenu COB Mexay AByMS MeETaUIMYECKHMMH
IUIACTHHAMH  MOXET BO3HHUKHYTh DJJIEKTpHYecKas CHIIa,
ofycnoBnenHas cymectBoBaHuem JOJIM-BM  snextpoHOB
OpoBOJUMOCTH. Jlng JAByX HapaeabHBIX METAJUIMYECKHX
IIaCTHH cuia Fy ompenenseTcs kak [28]:
_3dyd,

=T 4

A
rae d; u d, — COOTBETCTBEHHO CymMmapHeii 3JIM-BM

F (5.17)

37EKTPOHOB MPOBOTMMOCTH MEPBOH M BTOPOH IUIACTHHBI (
dNd, wm d;T™dy); r. - paccrosuue mexay

miacruiamy, I, Ldj(d;). Ecim IIacTHHBI MIEHTHYHBI, TO

dy =d,. Ormerum, uTOo ucnomb3oBaiue ¢opmynsl (5.17)

IIPaBOMEPHO TMPH YCIOBMH MAJIOCTH pPa3MEPOB IHIIOJEH,
CO3/IaBa€MBIX 3JIEKTPOHAMH IPOBOAMMOCTH IO CPaBHEHHIO C
paccTossHHEM MeXAy IulacTuHaMu. B coorBercTBuu c (5.3),
(5.4) u (5.13) pasmep L 351€KTPHUUECKOTO JUIOJIA, CO3AABAEMOTO
3JIECKTPOHOM TIPOBOAMMOCTH B MeETalllaX, ONpeaeNnsercs Kak

-10 -9
h/ p, 4to cocraBnger ~10 "M. B akcmepumenrax r, =10 “m.
IlomaraeM, 4YTO BeIMYMHBl d| ¥ dy MOXHO OIpENesTh
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IPOCTBIM  CYMMHMPOBAHHEM  DJJIEKTPHYECKMX  JHITOJBHBIX
MOMEHTOB 3JIEKTPOHOB MPOBOJUMOCTH B KXKIOH nacTune, 0e3
y4é€ra pa3MepoB IHIIONEH, Torja HMCIOAb30BaHHE (HOPMYJIBI
(5.17) npaBomepHoO.

PaccMOTpUM IUIACTHHBI €IUHMYHOM IUIOINANM, YYHTHIBas
TOJIBKO 3JIEKTPOHBI, PACMOJIOXKEHHBIE B IOBEPXHOCTHOM CJIOE
IUTACTHHBI TOMUMHOH ¢ . IIpuMeM [OCTaTOYHO CHIIBHOE

JIOyILiCHHE: IEKTPHYECKHE JHIIOJIbHBIE MOMEHTHI
paccMaTpUBaeMBIX 3JIEKTPOHOB KaXxzaoi IUTACTHUHBI
OPHEHTHPOBaHbl B OAHOM HampaBieHHH. Torga u3 (5.14) u
(5.17) monyqaem:

2772
3ugUi 2,2
Fy==2£ 02N, (5.18)
rcp
rage No — KOHUEHTpAaLHUA IJCKTPOHOB MNPOBOAUMOCTH B
MeTajuiax.

OHeprusi 3/IEKTPOHA NIPOBOAMMOCTH B MeTaiax, U, , paBHa
sHeprun PepMH &5 ; KOJIMYECTBO HABHXKEHHS p 3JIEKTPOHA
IPOBOJHMOCTH B  METallax  onpenensercs  (GopMynoi

p= ,llmegp . C yuerom atoro (5.18) npunumaer Bua:

2
Fy=EBEE_ 202 (5.19)
2
r,c 2m,

KoHuenTpalus 31€KTpOHOB NPOBOAMMOCTH B MeTalllax N,
22
uMmeer mnopsgok 1077, a osHeprus @epMu onpenensercs

BLIpOXKEHHEM &f =h2(3ﬂ'2N0)2/ 3 /(2m,) [59). Moncrasisas B
(5.19) BrIpaxkenue Nii £, 3HAYECHUA KOHCTAHT H NPHHUMAs ¢

. -10
PaBHOH aTOMHOMY pasmepy 10 "M, nonyuaem:

~23
410
Fy =——7—H). (5.20)
rc
BripaxxeHue (5.20) coryacyercs c BEIPAKEHHEM,
ompenensaioliuM cuny Kasummpa, F, [eHCTBYIOIIYIO Ha
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CAUMHHULY IUIoOAagH JABYX HE3ApMKCHHBIX IapAIICIIBHBIX
METANNYCCKUX IIACTHH, PACCTOAHHE MEXAY KOTOPBIMM HE
IpPEBBILIACT HECKOJIBKHX ATOMHBIX ANaMETPOB:

F = her? /(240a;‘) =107 /74 (H) [73, 74].
3Hak cunabl F; 3aBHCHT OT B3aMMHOTO HampaBliCHHs
Bektopos d; ® d,. Ilpu dy T d, F; seuserca cumoit

nputsxenus, npr d; 71 d, — cunoit orrankusanms (nocneaHui

BapHaHT SBIMETCS HEYCTOMYMBBHIM N0 OTHOLICHHIO K
BO3MYIIAIOIINM BO3JEeHCTBUAM). TakuM o00pa3oM, COIJIaCHO
Monenu COB mexay AByMs He3apsHKEHHBIMU METAIMYECKHUMU
IUIACTHHAMH MOTYT AeHCTBOBAaTh KaK CHJIbI MPHTSDKEHHS, TaK U

OTTaJIKHBAHHUS. Jrot BBIBOJ coriacyercs c
SKCIIEPUMEHTAILHBIMH  AaHHBIMU: OBUIO OOHapyXeHO Kak
NPUTKEHUE JIBYX He3apsDKEHHBIX NapajuIeIbHBIX

METAUIMYeCKUX IacTuH [73, 74], Tak, npu ompeaenéHHbIX
ycnoBusx, u oTrainkuBanue [75]. Ilocneaumit sdpdext HOCHT
nasBauue «pdext Kazumupa-JInpummar.

Takum o0Opa3zoM, K HMEIOWMMCI B HacTosllee BpeMs
o0bACHEHHAM cHabl KasuMupa: Hampumep, ¢ MCNOJIb30BaHHEM
KOHIENUUN BUPTyalIbHbIX 4acTHil {73, 74] umu cun BaHn-zmep-
Baansca [75], MoxHO poOaButh emé€ U OOBACHEHHE,
YYNTHIBAIOLIEE  B3aMMOJEHCTBHE  KBAHTOBBIX  OOBEKTOB,
obycnoBieHHOe HanuuHeM y HMX OJIM-BM. Ommemum, umo
npu onucanuu cunv Kasumupa ¢ ucnonvzoeanuem KoHyenyuu
supmyanvHolx  uacmuy [73] esooumcs  Oonywenue o
B03MOJCHOCIMU CNONCEHUSL IHEP2ULl 8CeX BUPMYANbHBIX Yacmuy
8aKyyMa,  CGA3AHHLIX C  NPOBOOAWUMU  NIACMUHAMU.
Ilpocmampusaemcs  ananozust  3mo20  OOMYWeHUs  C
00onyueHueM, NPUHAMbIM 6 NPUBEOEHHOM BbLULE ONUCAHUU CUNbL
Kasumupa c ucnonvzoeanuem mooenu CDB: anexmpuueckue
OUNONbHbIE MOMEHMbL  INeKMPOHO8 KAXNCOOU  NAACMuUHbL,
yuumoieaemolx 8 opmyne (5.18), opuenmupoeamnvr ¢ 00HOM
Hanpaenenuu, mo ecmbv, CKAA0bI8AIOMCA.
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Ilpumeuanue. CormacHo BbIBOAaM TIJaBel 6, 3¢dexT
Kasumupa Oymer oOTCyTCTBOBaTh /UIS  IUIACTHH,
HaXOAALIMXCA B CBEPXIPOBOISAILIEM COCTOSHUH, TaK KaK B
CBEPXIPOBOJAIINX BEUIECTBaX JJIEKTPOHB 00pa3yioT
KYIIEpOBCKHE Maphl C HYJEBBIM CYMMaPHBIM JUIOIBHBIM
3JIEKTPHYECKUM MOMEHTOM.
5. M3meHeHne pa3mMepoB CHCTEMbI 3JIEKTPHYECKHX 3apsI0B,
HAXOASIIEHCA B pPaBHOBECHHM MO [JCHCTBHEM TOJIbKO
3JE€KTPOCTATHYECKHX CHJI, IPH NPHBEEHNH €& B ABHIKEHHE
Emgé JlopeHu 3aMeTwii, 4YTO pa3MeEpbl CUCTEMBI DJIEKTPHYECKUX
3apsA0B, HAaXOAAILIEHCS B PAaBHOBECHM IIOJ ACHCTBHEM IHIIb
3NEKTPOCTATHYECKHX CHJI, H3MEHAIOTCA IIPH MPHBEAECHUH
cucrembl B asikeHue. Koadduimenr coxpamenus pasmepa
CHCTEMBI B HalPaBJICHUH ABMXKCHMS, COIJIACHO INPEIIOKECHHOMH

MM TEOpUH, paBeH V1— v2 /2 (Vv — CKOpOCTH CUCTEMBI 3apsioB,
¢ - ckopoctb cBera). (Cnenyer OTMETHTh, YTO BIEPBEIE
THIIOTE32 O COKPAICHUH JUIMH B HallpaBJICHUH JBHXKeHHUSA ObLia
BbIIBHHYTa B 1832 rony ®uiynkepansaom [30].)
[IpoananusupyeM 3710 sBAEHWE, YYUTHIBAsE HAIMUNE
3JIEKTPUYECKOr0 AUMNOJBHOTO MOMEHTA Y JBHXKYILIErocs 3apsaza.
JUI1 IpOCTOTHI pacCMOTPUM CHCTEMY M3 ABYX 3JIEKTPHUECKH
3apsHKEHHBIX KBAHTOBBIX OOBEKTOB, JBIXXYIIHXCS CO CKOPOCTBIO
v (MMeercsd B BUIY ABMIKEHHE, C KOTOPHIM CBSi3aHa BOJHOBas
Qynxuma HIpé€munrepa). Beeném obGosnaueHus: gy U dy —
COOTBETCTBEHHO 3apsl U JJIEKTPUHYECKHUIH AMIONBHBIH MOMEHT
IIEPBOTO KBAaHTOBOro OOBEKTa; gy H d, — aHAIOTHYHBIE
XapaKkTEepPUCTHKH  BTOPOro  KBaHTOBoro oObekta. CHia
B3aHMOJEHCTBHA MEXIY OOBEKTaMH CKIAAbIBAeTCs W3 IBYX
cnaraeMbix [28]: cunbl, 00YCIOBIEHHOM HX B3aHMOAEHCTBHEM
KaK 3JIEKTPHYECKHMX JMIIONEH — F; , H CHIIBI, 00YCIOBIEHHOM HX

B3aHMOJEHCTBHEM KaK JIEKTPUYECKUX 3apsioB — F,

q’
ko)
.9
F=—-=, (5.21)
Tq
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rae k; — xod(dUUHMEHT, OnpeAeaseMbIi CHCTEMOH eNMHHI, B
KOTOPOH NPOBOZATCS BBIMHCIEHHS, 7, — PAacCTOSHHME MEXIY

3apsJaMH. PaccMOTpHM [Ba BapHaHTa IBHXKCHHS KBaHTOBHIX
00BEKTOB: BIONb OAHOM mpsMmoit (puc. 5.3a) M mapauienbHO

Apyr Apyry (puc. 5.36).

2
!I;
(11 dz g1 v
a1 v 92 v
o te—
5 - v
2
a) 6)

Puc. 5.3. BapuaHThl B3aHMMHOIO PACIIONOKEHUS IBHXKYLIUXCS
€O CKOpOCTBIO V IByX KBAaHTOBBIX OOBEKTOB C 3JIEKTPHIECKHMH
3apanaMu q; H ¢, ¥ ¢ OJIM-BM cootserctBenno dy H dj ;

¥, — PaccTOsHue MEXY 3apAaaMH.

OnpenenuM pe3yIbTHPYIONLYIO CHITY, JeHCTBYIOILYIO MEXY
ABYMs 3apslaMH JUIA BapHaHTa MX B3aMMHOIO PacIOJIOXKEHHs,
npusefcHHOro Ha pHc. 5.3a. Cuma F; B 3TOM ciydae
onpenenserca kak [28]:

6d;d
Fy=—L2
4
q
B cootBercTBuH ¢ (5.8) npu aiobvix snakax q u qy cuisl Fy 1

(5.22)

F; HampaBicHel B pa3Hble CTOPOHBl BAOAb mpsmoit 1-1.

IosTtoMy BenuuuHa CYMMapHOH Cuibl, AeiicTByromie Ha
3apanel, Fj; B cooTBercTBHH ¢ (5.21) m (5.22) ompenensiercs

KaK:

6did, |
1l

qqqu -

i _IF Fd' rq qqlq2r

(5.23)
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OnpenenuM pe3ynbTHPYIOUIYIO CHIY, NEHCTBYIOLIYIO MEXIY
IBYMS 3apsiiaMH JUIS BapHMaHTa HX B3aUMHOTO PaciiofIOKEHHS,
npuBefieHHOro Ha puc. 5.36. Cuna F; B 3TOM ciydae
onpenaessieTcs Kak:
3did,
F d - —'_rr .
q
B coorsercrsuu ¢ (5.8) npu nobeix snakax q u q; cunst Fy n

(5.24)

F,; mwHampaBieHBl B OZHY CTOpPOHY BIOAb HpAMOH 2-2,
NEPIECHIUKYISPHOH  CKOPOCTHM  3apsaaoB V. Bennunna
CymMMmapHo#  cunbl  Fy,, JeHcTBylomed Ha  3apsabl
[IEPNICHAUKYISIPHO CKOPOCTH V, B COOTBETCTBHH C (5.21) m
(5.24) onpenensercs Kak:

Fy, =|Fq+Fd|=qu;q2 1+ 3d1d22|. (5.25)
4 kg2,
q q q

Takum oOpa3oM, nOBH)KEHHE 3apanoB J000ro 3Haka
IPUBOJHUT K OCJHAOICHUIO dJEKTPHIECKOH CHIIBI, ACHCTBYIOMIEH
MEXIy HHMH B HaNpaBlE€HHH ABMXKEHHUA, C KO (HIHEHTOM

6d;d
ocnabsenus, cornacuo (5.23), 1————1—2—7, U K YBEIHYEHHIO

qulq2r q
CHIIBI, ACHCTBYIOLIEH B NEPIEHAHKYISAPHOM HaIPaBICHHH, C
3dd,
7 -
kq19275
Ecnu OBHXKYMIMMHCH 3apsaMH SBJSAIOTCA 3JEKTPOHBI W/HIH

HO3UTPOHBI, U JHEPTHUs 3THX 3apAAO0B PaBHA KHHETHYECKOIA, TO B
coorBerctBUH € (5.7) u (5.13) xoadhduuueHt ocnabieHus

ko3¢ duuueHToM ycuieHnus, corimacHo (5.25), 1+

2
3
OIIpenensieTcsl BhIpaXKEHUEM 1— 2—'—UB—-, a xkoa3dpdunuenr
2quqe
2343
yCHJIEHHS BHIpaKeHueM 1+ 3 — 5> B=vic.
quqe
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HpH YCIIOBHH, YTO CHCTEMAa HAXOOMTCS B PABHOBECHUH IION
JNCUCTBUEM JIUILb AICKTPOCTATHYECKUX CHJI MCEXKAY 3apsaaMu,
YKa3aHHOC H3MCHCHHC DJJICKTPHYCCKUX CHII npnBe,u'e'T K
H3MCHCHHIO PA3MEPOB CHUCTEMBI JJICKTPHUYCCKHX 3apAnoB IIPH
JABHIXCHHH.

CaencrBue 1. DaexTpuyeckoe B3auMoAaeiicTBHEe MPOBOAOB C
TOKOM; MPH OTCYTCTBMM TOKa MpPOBOAa HABJAIOTCH
3JeKTPHUUECKH HEHTPAJIbLHBIMM

B pamxax wMozenu CO®B, Mexay mnpoBojaMH C TOKOM
(MeKTpUYECKH  HEHTPaIbHBIMH IPH  OTCYTCTBHH  TOKA)
BO3MOXXHO HE TOIBKO MAarHMTHOE B3aUMOJACHCTBHE, HO H
JIEKTPHYECKOE B3aUMOAEHCTBHE 3JIEKTPHUUECKUX JUIIONEH,
co3gaBaeMbIX IABIKYymUMHUCHA 3apifnamu B COB, mpuuéMm 3TH
B3aHMOJIEHCTBHS UMEIOT IIPOTHBOIIOJIOKHBIE 3HaKH.
PaccmoTpuM JiBa mapajuleNbHO PACMONIOKEHHBIX NPOBOAA C
TOKOM, UMEIOIUX OECKOHEYHYIO AIHHY, H CPABHHM [IBE CHIJIBL
MAarHuTHYI0, F,,, U OJJIEKTPHYECKYIO, F,, NEUCTBYIOLIME Ha

CAHMHHILY AJIUHBI [IDOBOLAOB. MaruurtHas cuna ONpeacHacTCA KaK
[28]:

F,=5—, (5.26)
c rw

Tle 7, — PacCTOSHHE MEXy NPOBOAaMHY.
IMonaraem, yto Tox / 06pa3oBaH IEKTPOHAMH, TOTIA:
I = Nyvse, (5.27)
rae Ny — CpenHsas KOHLEHTPAIHs 3JICKTPOHOB IPOBOJHMOCTH B
MaTepuaie IpoBOJ3, € — 3apsaA DJJEKTPOHA, V — CKOPOCTb
3JIEKTPOHOB, § — IUIOIAAb CEYEHHUS NPOBOJA. OJIEKTPHYECKas
cuna Fy onpeaensercsa Gpopmyioii (5.17), B KoTopoi r, =7, u
dy =dy = Nyvsd,, (5.28)
rne d, — OJJIM-BM oanextpona (pa3Mep aMmons He

npuHMMaeTcs BO BHHUMaHHE). CpenHee 3HAYEHHE CKOPOCTH
3NEKTPOHOB, OOpa3ylImUX TOK, PaBHO CKOPOCTH Vv apeida
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anekTpoHoB. TakuMm o0pa3oM, HpH ONPEAEICHHH CpPEIHErO
3uayeHus IJIM-BM snextpona npoBoaumoct B popmyiie (5.7)
CleyeT HCIONb30BaTh CKOPOCTh v. Toraa, B COOTBETCTBHH C
(5.7), (5.13), (5.17) u (5.28) umeem:
_3Ngvup

4czr$
Onpenenum otnomenue F,, / F,; , yanteBas (5.26), (5.27) n

(5.29):
E, 8e2r3,

Fy B 3v2,u,29 .

Fy (5.29)

(5.30)

U3 (5.30) cuenyer, uto F,, > Fy mpu o /v> < 107> wc?. Tlpu
OLEHKE r,, HEOOXOAMMO NPHHMMAaTb BO BHMMAaHWE, YTO
ypaBHenue (5.17), npm r, =r,, CHPaBEAIMBO TONBKO IpPH
r,>>L, rae L — pasMmepsl gunonei, o6pasyembix

IABKYIIUMHCS 3apsAiaMu B IIPOBOJE.
CnencrBue 2. Poxaenne 3/1eKTPOHHO-MO3UTPOHHBIX HAap
poronamu
B monenn COB skcnepuMeHTaIbHO OOHAPYKEHHOE POXKIACHHE
3NEKTPOHHO-TIO3UTPOHHOH mapbl ()OTOHOM B 3IEKTPHUCCKOM
mosie TKeNsIXx saaep [35] oOwscHAETCS pa3pyleHHEM CBS3H
MEXIYy HABYMS OJEKTPHYECKH DPa3sHOUMEHHO 3apsHKEHHBIMU
KBa3uKOJJIancaMH, oOpa3’ylomuMHcs B CEpACYHHKE BHXD,
coznaBaeMoro ¢orouom B COB.

Cymmapsbelii cniiH  coctapisoninx COB  muxpouactun,
ConepXalMXCcA B KAKIOM H3 KBAa3HKOJUIAINCOB, cornacHo (2.20),
paBeH N1/2. Macca KamOOro KBa3WKOJUIANCA OMpeAessercs,

cornacHo (3.5) xak hw, / (2c2) , T @, — 4YacTOTa NpEelLecCHH

CHHMHOB  MHKPOYACTMI] B  CEpACYHMKE BHXpA.  IJTH
XapaKTEPHCTHKHM KBA3HKOJLIANCOB, 00pa3yloMXCs B BHUXpE, C
y4€roM (3.4) HAEHTHYHBI COOTBETCTBYIOIUM XapaKTEPUCTHKAM
qacrtull, 06pa3yeMsix GOTOHOM.
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AHanu3 Takoro SBIEHHHA, KaK POXACHHE Naphl 4acTHna-
AHTUYACTHIA, [O3BOJAET  MPOM3BECTH  OLEHKY  CHIIBI,
JEHCTBYIOIIEH MeXAy CIHHAMM MHKPOYAaCTHL. Y CJIOBUEM
POXKACHMS NAPHl YaCTUIA-aHTUYACTHLA ABIAETCA COOTHOMICHUE

* (v
F*<0, rae F' — pesynpTupylomas cuna, AcHcTByIOmas
METY KBAa3HKOJUIANICAMH B CEPJCUHHKE BHXPA M COCTOAIIAN M3
CIIENYIOMMX KOMIOHEHTOB: 1) F, — KyJOHOBCKas CHIIa MEXY

KBa3MKOJLIANICaMH, B cootBerctBun ¢ (5.1) u (5.2)

ompeaensemMas Kak F, = quf /1% 2) F,, — rpaBHTallMOHHas
cuia, onpenensemas ¢ ya€rom (3.5) kak: Fy, = Gm& / (4L2) , Te

G - rpaBuTanMoOHHAas mnocrogHHas;, 3) F; - cwuna,
onpeaensomas CIHH-CIIHHOBOE B3aUMOACHCTBHE

MHKDPOYACTHIl; IpeAcTaBUM e€ B Buae: Fy =D1h2 /(LD2 ), rae

Dy u D, — xodbduuuenter; 4) F, — 3IeKTPHYECKas CHIa,

NEHCTBYIONIAs HA KBa3HKOJUIANCEH! B 3JIEKTPHYECKOM II0JIE A/Ipa,
B OKpECTHOCTH Kortoporo ¢oToH oOpasyer mnapy, €
MAaKCHMaJIbHOE 3HAYCHHE ONpeENeNseTcs kak F, =2q,E,, rae

E, — HanpsKEHHOCTh JJIEKTPHYECKOTO TOJA SOApa B MECTE

HaXOXXIEHHs KBa3HKOMIANCOB (B JaHHOM CIydae Da3MEpoM
oumons, cospasaemMoro B C®B ¢QoronoMm, npenebperaem).

VIcnonb3ys NpUBEASHHbIE BRIPAKEHHUS IS CHJI, IPEACTaBUM F*
B BHJE!
. kgl m? D
= +G -
e [P
B xBaHTOBO# MexaHuke TOT $akT, 4To GOTOH 0OpasyeTcs B
JNEKTPUYECKOM IIONE sApa, OOBACHACTCA TpPeOOBaHMAMH
3aKOHOB coxpaneHus. B moxenu CPB sapo rnaBHeIM 06pa3zoM
BBITNIOJIHAET POJb AeTEeKTOpa (M3MEPHUTENbHOH CHCTEMSBI), NPH
B3aUMOJCHUCTBHH C KOTOPHIM (HOTOH 06pa3zyeT BUXPE.

F ~2g,E,. (5.31)

61



®oTOH, co3maromMil  SJNEKTPOH-NO3UTPOHHYIO  Mapy,
obpaszyer B COB BHXPb CO CIECIYIOIIHUMH XapaKTCPUCTHKAMH:

m,=2m,, q,=e, A=h/(m,). Vcnonssys 3HaueHus oTux
KOHCTAHT B (5.31), monaras F, < F, u npunuMas B (5.4) y =1,
*
nonyyaeM, 4ro ycnosue F =0 Bemonnsercs mpu Dy =
150m°c/r u D, =5.To ects,
15012
LS

(Hanpumep, y potona ¢ sneprueit 2mec2 , TO €CTh, Y (pOTOHa,

F:gz

(H). (5.32)

POXJAIOILETO IEKTPOH-TIO3UTPOHHYIO napy, Fy = 7- 1073 (H))

Ilpumeyanue. C KakOOH MaTEpHANBHOH YacTHIEH
CBA3aHAa OJHeprusa W, onpenensemas BBIPAXKECHUEM:
W =hwp, Toe wp 4acTora BOJHOBOH (QyHKIMH 1€

bpoitng, cm. (3.1). DOueprus W 3akmoueHa B
NPELECCHPYIOIUX CIIMHAX JABYX «TPYIIN» MHKPOYAaCTHL;
B IEPBY0  «TPYNIy»  BXOAAT  MHKPOYACTHIHL,
COCTaBIAIONINE  KBa3HKOJNIIANC, KOTOpPBIi oOpasyer
4acTHLy; KO BTOpOit «rpynme»  OTHOCSTCH
MHKpPOYAaCTHIIbI, COCTABIIIOIIHE CEPACYHHK BHXpA,
co3naBaemoro droit yactunel B COB npu e€ apmxenun.

BBIBOJABI K rJIaBe 5

1. Cornacno mogenn COB ¢ BonHaMH Mare€pUH KBAaHTOBOTO
00BbeKTa CBA3AH IEKTPUYECKUH JUMONbHEIN MOMEHT (B JaHHOK
rnase oH HasBad OJOJIM-BM). Hamnuuue takoro momeHta
00yCIOBIHBAET CACAYIOIINE SABICHUA:

~ CIIHH-OpOUTATBHOE B3aHMOJCHCTBHE JJIEKTPOHA B aTOME;

—  O3NEKTPOMATHHTHOE W  ANEPHOE  CHUH-OPOHTANbHBIE
B3aHMOAECHCTBHUA IIPH PACCETHHH HEHTPOHOB Ha AApax;

— HECOXpaHEHHE YETHOCTH B aTOMax;
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— B3aUMOJICHCTBHE JBYX IapaJUIeNIbHBIX OJEKTPHYECKH
HeHTpanbHbIX npoBoasmux miacTiH (3¢ dext Kazumupa);

— W3MECHEHHE pPa3MEPOB CHCTEMBI DJJIEKTPHYECKHX 3apsjloB,
HaxOMAIIMXCA B PaBHOBECHM 1NOJ JCHCTBHEM JIHMIIb
IEKTPOCTATHYECKHUX CHJI, IPH MIPUBEACHUH €€ B IBIKCHHE;

— 3JIEKTPUYECKOE B3aMMOJCHCTBHE MPOBOJAOB C TOKOM; IpH
OTCYTCTBHM  TOKa MNpOBOJAA  SABIAIOTCA  OJIEKTPHYECKH
HEHTPaIbHEIMHU.

2. Cornacno mozenu COB obpasyemple (OTOHOM YaCTHIBI

SIBIAIOTCA KBa3sHKONJIANCaMH MHKPOYaCcTHL, COCTaBJIAIONINX
CoB.
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I'naBa 6. CBepxnpoBogAUMOCThH

CornacHo BBEIBOJAaM TIJIaBEI 5 KBAaHTOBEIH 0O0BekT obnapaer
9NEKTPHYECKUM AHUIMOIBHBIM MOMEHTOM, CBS3aHHBIM C BOJIHAMH
Marepuu  atoro  oOwpexta (OAM-BM). Baaumopeiicreue
KBaHTOBBIX OOBEKTOB, 00YCIOBIEHHOE CyIeCTBOBaHHEM DJIM-
BM, Banser Ha BA3KOCTH CpeAbl, COCTOAIIEH M3 KBaHTOBBIX
06bekTOB. OaHHUM M3 CIOCOGOB YMEHBIUIECHHS BS3KOCTH CpEJIbI
ABNAETCS CO3AaHHE IPYNI KBAHTOBBIX OOBEKTOB C HYJIEBBIM
cymmapueiv 3/IM-BM. Ilpumepom Ttakoif rpymmsi sBiasercs
KynepoBcKas 1apa 3J€KTpOHOB B CBEPXNPOBOAHHUKaX [59, 76]. B
paccMarpuBaemori  mogenn  COB  cBepXnmpoBOAHMOCTH
BO3HHKACT NIPH YMEHBIIEHUH BA3KOCTH, CBSA3aHHOIH ¢ O/[M-BM
KBaHTOBBIX 00BEKTOB. B 3TOlf riaBe Ha OCHOBE yKa3aHHOMH
KOHLIETIUMH BBIBEICHO OSKCIECPUMEHTAIBHO anpoOHPOBaHHOE
YPaBHCHHE, CBA3BIBAIONICE TEMIIEPATYPY U KPUTHYECKOE
3HAa4YCHHE MarHUTHOH MHAYKIIHH B CBEPXMPOBOAHUKAX. B riase
KCIIOb30BaHbl MaTepHuaist pabor [77, 78].

6.1. DneKkTpHYECKHH JUNOJIBHBII MOMEHT, CO31aBAeMbIH
KynepoBckoH napoi

Kyneposckass napa COCTOMT M3 ABYX 9JeKTpoHOB. CoryiacHO
ypaBHeHusaM (5.5), (5.8) u (5.13) 3/IM-BM snextpudeckux
aumnoneil, oOpa3OBaHHBIX JJIEKTPOHAMM KYIEPOBCKOH Iapsl,
COOTBETCTBCHHO d; ¥ d, paBHEL

4 2 Le(@s)

1 2 pl9 (61)
P
uph(wgy)
d, =————2——lp2, (6.2)
P2
rae (a)s,, )1 H (a)Sh )2 — 4YacToTa BOJHOBOH (yHKuuH

lpénuurepa, a p; H p, KOJHYECTBO  ABHKEHHUA

COOTBETCTBEHHO IEPBOTO M BTOPOTO JIIEKTPOHA KYMEPOBCKOM
napsl.
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Tak Kak KymepoBckas mapa o0pa3oBaHa TOXAECTBEHHBIMH
anextponamu, To ipu 7=0K u B=0 (T — Temneparypa, B —
MarHUTHas HHAYKLHS) UMEEM:

(@ )1 = (o, )2 = Wgsp» (6.3)

p=py=p. (6.4)
CornacHO cBoiicTBaM KyriepoBcKkoit maper mpu 7= 0:

P =-P2- (6.5)

Ha paccrosann X p OT Taphl, 3HAYMTENBHO MPEBLINIAIONIEM

pa3mep napsI x,,,

X,>>x,, (6.6)
nomueit 3/IM-BM napsr d :
d, =d; +d, 6.7
cortacHO (6.1)—(6.5) MoxeT OBITh MPHHAT PAaBHBIM HYJIIO.
CnenoBatensHoO, MEXIy  KYIepOBCKHMH napamu,
yoaleHHBIMH Opyr OT JApyra Ha paccTosHue X

P’
yIOBJeTBOpsiomee ycnoBuio (6.6), Oymer OTCYTCTBOBAaTbH
JNIEKTPHYECKOE JAHIOIBHOE  B3aHMOICHCTBHE, M  Cpeay,
COCTOAILYI0 M3 TAaKHX IMap, MOKHO MOJCIHPOBATh CPEROH C
MHHUMAQJIBHEIM ~ B3aHMOJAEHCTBHEM  COCTAaBIAIOIHUX €€
KOMIIOHEHTOB.

[Ipoanamusupyem, kak Oymer 3aBuCeTh dg; OT MAarHHTHOH

HHAYKUUH B U TeMnepatypst 1.

1 cayuaii: B £0, T=0K.

OKCIIEpUMEHTAIPHO JOKAa3aHO, 4YTO CIIMHEI JJIEKTPOHOB B
KYIEepOBCKOH IIape OPHEHTHPOBAHbI B3aHMHO IPOTHBOIOJIOKHO,
HO3TOMY HAaJIOXKEHHE MAarHMTHOro mnojus OyAeT H3MEHATDh
3HEPrui0 OJHOIO 3VIEKTPOHA I@apbl HAa BEIMYMHY wugB, a
apyroro —upB. COriacHO ONpeAeNeHHIO YaCTOTHI BOJHOBOH

dbynkuuu Hlp€nunrepa [35] B 3TOM ciiydae HMeeM:
(a)Sh )1 = gy +,uBB/h s (a)Sh )2 = Wy —ﬂBB/h . (6.8)
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B cooreerctsun ¢ (6.1), (6.2), (6.4), (6.7) u (6.8)
cymMmapHbiii O3JIM-BM naps! yxe He OyAer paBeH HYIIO, ¥ €ro
BEJIHYHHA dy COCTaBHT:

2
2u, B
d,=|—2—.

(6.9
p
BBenéM KpHTHUYECKOE 3HAYECHHE d, & UMCHHO d., NpH

KOTOPOM IpPONAJaloT CBEPXNPOBOAALINE CBOHCTBA CPEJBL.
Hcnonssys ypasuenme (6.9), cBakeM BemMuuHy d,. C
KPHTHYECKMM 3HAYCHHeM MarsuTHo# uuxykuun npu T = 0K,
B, . (PaccMaTpHBarOTCA HHCTHIE CBEPXIPOBOLAIHE HIEMEHTHI,

XapaxkTCPH3YIOIHECSA TOJBKO OOHHM 3HAYCHHEM KPHTHYCCKOIO
MarHuTHOIrO HOJI}I.)

2,uzB
B Pc0
dsc:_—c;—_ .

2 cayyvaii. B=0, T# 0K,

CornacHO  ONMpPEAENCHMIO  4YacTOTHl  BOJHOBOM  (DYHKI(HH

IIpénunrepa [35] u ¢ yuérom (6.3) umeem:

(a)Sh)1=a)S;, +kT/h, (a)Sh)2=wSh +kT/h, (6.11)

rae k — mocrosHHas Bosmbnmana. KosmyecTBo ABHKEHHSA

3JIEKTPOHOB KYNEPOBCKOM napsl, yuuThiBas (6.4), Oyner paBHoO:
pp=p+tz, p=-p+z, (6.12)

TI€ Z — KOJMYECTBO JABHXKCHHA, CBA3aHHOE C TEILIOBHIM

JIBUXKECHHEM:

z=[2m kT, (6.13)

rae m, —Macca 3IeKTPOHa.
Cornacro (6.1), (6.2), (6.7), (6.11), (6.12) n npu ycrosuwu,
910 CcymMMapHas BenwumHa O/IM-BM (ds )Sh , Ompeaensiemas

(6.10)

TONBKO gy, , TIPH 000} TeMneparype paBHa HyJIIO:
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(ds)g, =0, (6.14)
BBIpRKEHME U151 d, MOXHO 3afIHCATH B BHJE:
kT gkT
d, =ﬂ—7(p+z)+-i‘-——7( —p+2). (6.15)
clp +17| cl-p+7|
Jins npocrots npunumaem: z 77 p . Torma:

gkt 22 |
e pr-2?
Hcrnons3ys moOciHefHee YpaBHEHHWe, BBIpasUM dg, 1Uepe3

dS

(6.16)

KPHTHAYECKYIO TEMIIEPATYpy 7, M COOTBETCTBYIOIIEE 3HAYEHUE

2z
Npghr, 22, |
dsc—l e 6.17)
P —Z
3 caywaii: B #0, T #0K.

Kax ¥ B npemsiayiieM ciydae, npuauMaeM, uro z TTp.

XapakTepHCTHKH 3JICKTPOHOB TNapel OyIyT ONpeneniaTses
ypasuennem (6.12) n npusenénnpiMu Huxe (6.18) — (6.19):

(wsy), = @5y +kT / h+pgB/ b, (6.18)
(wsn), = w5y +kT I h~pgB/h. (6.19)

Cornacuo (6.1), (6.2), (6.7), (6.12), (6.14), (6.16), (6.18) u
(6.19) MmakcuManbHOE 3HA4YCHHE d , (ds) , PaBHO:

lﬂBkT 22 |32 21’ |

(d )max 2 2

e P22l e PP
Juts  npowmsBonpHOH T (B nuanasone temneparyp 0-T..)
CYIIECTBYET KPUTHYECKOE 3HAaYCHHE MArHUTHOM MHAyKUWH B, ,

npu kotopom (d )max =dg.:
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dsc=|”BkT 222 2”“%330 22” 2'. (6.20)
l ¢ p—z” ¢ p—zl
PasnennB obe croponnl ypaBHeHHsa (6.20) Ha d,., HCTIONB3ys
ypaBHeHus (6.10), (6.13) u (6.17), nonyvaem:

2 .2 2 2 32
B -2 P -% [—T-) . (6.21)

By p? p? \I;

CoBmecTHOe penlenue ypasHeHmit (6.10) u (6.17), npu
YCIIOBUH HE3aBUCHMOCTH p OT TEMIEpPaTypsl M COONIOAeHNMs
HEPAaBEHCTBA p >z, (HHAYe TEOPETHYECKM BO3MOXKHA

OCTaHOBKa OJIHOTO H3 JJIEKTPOHOB KYNIEPOBCKOW Maphl),
TIO3BOJISIET MONYYHTh CIEAYIOLIee BRIPAKEHHUE A p:

2
p=—leZe |4, 1+(—~———2 #85Bc0 J : (6.22)
2upBe kT,

B kauectBe nmpuMepa Ha puc. 6.1 mokasaHbl 3aBHCHMOCTH
B./B,y or T/T, nna onoBa (Sn) B CBEPXIPOBOJALIEM
COCTOSHMM:  CIUIOIIHAas  KpUBag  —  alIpOKCHManus
OKCIIEPHMEHTAJIILHO IIONYyYEHHBIX JaHHBIX [79); oTAenbHbIE
TOYKH — 3HAYCHHUA, BBIYMCIEHHBIE Mo Gopmyne (6.21). B
Tabnune 6.1 npHBEXEHB! XApaKTEPUCTHKH Sn, HaXxoAdUIerocs B
CBEPXITPOBOAALIEM COCTOSHHH. BenmuuuHbl p U d;, BEIYHCICHB

o popmynam (6.10) (wnu (6.17)) u (6.22).

Tabmuna 6.1.
Xapakre- T B.g Z, D dg.

PHCTHKH (K(): (Ta) | (xrm/c) (xrm/c) | (Kirm)
oJ108a (Sn)

3nauenns | 3,72 | 0,0306 (),96-10'26 1,7-10'24 310"
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Puc. 6.1. 3aBucmmoctn
B,/B,y or T/T, nmna
ooBa (Sn): crIOHIHAA
KpHBasd — annpoKCHManus
9KCHEpHMEHTAIBHO

MOTy4eHHBIX JaHHBIX;
OTJEeNbHBIE  TOYKH  —
3Ha4YeHMs, BBIYHCICHHBIE

T/T, no opmyne (6.21).

002 04 06 08 10

B Hacrosiiee Bpema B ¢usuxe qus cBa3u B, /By ¢ T/ T,

HCTIONIb3YeTc MPHONMMKEHHOE YpaBHEHHE, IONyYCHHOE H3
aHaIM3a  HMMEOUMXCS  JKCIICPUMEHTAIBHBIX  JaHHBIX:

B, !B,y =1-(T/T,)* [59, 79].

CaencrBusn

1. VpaBHenue (6.21) nonyuyeHo HCXOnsd H3 JOMNYILEHHA O
CYIIECTBOBAaHMM KPUTHYECKOro 3Ha4YeHHs cymmapHoro /M-
BM anexkTpoHOB KyNepoBCKOH mapbl, [Ipy NpeBHILIEHHH 3TOTO
3HAUCHHS BEUISCTBO TEPSET CBEPXIPOBOMALIME CBOHCTBA, HO
Ky[IEpOBCKHE  @Iapsl  MOTYT  COXpaHAThca.  HMerorcs
9KCHEPHMEHTAJILHBIE  JaHHBIe,  CBHICTENLCTBYIOIIHE O
BO3MOXXHOCTH COXPaHEHHMS KYNEPOBCKHX Map IOCHE NOTEPH
CBEPXNPOBOAAIINX CBOHCTB [80].

2. C mosuumit paccMarpuBacmoii mMonmenmn COB obpasoBanue
map  JJEKTPOHOB He  SABJAETCA  HEOOXOOMMBIM  JUIA
BO3HHKHOBEHHS  CBepxmpoBogumoctd. OO6pazoBaHHe 1ap
3NIEKTPOHOR BBI3BIBAET TOJNBKO YMEHBIICHHE BA3KOCTH CPEMIHI 33
cuér YMCHBIICHHA 3JIEKTPHYECKOTO JIMTIONIBHOTO
B3aMOJEHCTBYS JIEKTPOHOB B cpene. ToT ke camsblit addexT
MOXET OBITh MOMYYEH, €CIH SIIEKTPHYECKHH AMIONBHEIH
MOMEHT, CBSI3aHHEIH C HECIIapDEHHBIM 3JIEKTPOHOM, 110 BENHYHHE
OyHer MeHpllle KpHTHYeCKoro 3HaudeHus d.. Hanmpumep, us3

ypaBHeruit (5.7) u (5.13) cnemyer, 4TO, €CIM CKOPOCTH Vv,
DJIEKTPOHOB  Cpenbl, OONaNAlOIUX TONBKO KHHETHYECKOH
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sHepraei mevg /2, ynosnerBopsieT ycnoBuio: v, < 2cd,. / pg,
B 3TOH Cpelie MOTyT NOSBHMTBCSH CBEPXIPOBOIAIIME CBOHCTBA
(HanpuMep, COTJIaCHO AAaHHEIM, MpPHBEJEHHBIM B Tabmuue 6.1,
AJist Sn 3TO YC/IOBHE BRUTOJHSAETCA NpH v, < 1 M/c). OnHako mpu

3TOM HEOOXOAHMO, YTOOB! PAaCCTOSHHE MEXAY JICKTpOHaMH X
66110 60sTBLIE Pa3MeEPOB co3aaBaeMbix umMu B COB punosneit, To
ecth, cornacuo (5.3), (5.4) u (5.13) HOJKHO BBIMOJHATHCS
yenosue: X >h/(m,v,).

3. Kputnueckas Ttemmeparypa HHTEPIPETHPYETCA COTIIACHO
(6.11) u (6.12) xaKk HCTOYHHK NONMONHUTENBHOH SHEPrHu kT, u

AONOJHHTCIIBHOTO KOJIHYE€CTBA ABHXKCHHA z, JJIs JJICKTPOHOB

KynepoBckoit napel. C 3TOH TOUKH 3PEHHSA POJIb KPUTHYECCKOM
TEMIIEPATYPl  MOXET  BBINONHATH  NPOCTO  JBHXKCHHE

KyNEpOBCKOH mapel CO  CKOPOCTBIO ,/Zch/ m,. 310

TEOPETHYECKOEe  CNIEACTBHE M3  PAacCMOTPEHHOM  Mojein
CBEPXITPOBOJUMOCTH MOATBEPIKAACTCA IKCIEPUMEHTANBHO [59,
79]): cymecTByeT KpHTHYECKOE 3HaUCHHE JJIEKTPHIECKOro TOKa,
IpH KOTOPOM CBEPXNPOBOAHMOCTh Mcde3aeT. (BnusaHue Ha
CBEDXIIPOBOASAIINE CBOMCTBAa BELIECTBA MArHHTHOIO MO,
CO3/1aBaEMOr0 TOKOM, He paccMarpuBaercs.) MUHHMATLHBIH

KPHTHYECKHUH TOK (Ic )min’ CO3/IaBacMbIil OJHOH KyTEpOBCKO#t

napod ®  COOTBeTCTBYIOmMH  T,, ompexenserca  Kak
(e )i = 2e\[2kT, I'm, .

6.2. O6pa3oBaHue KynepoBCKoO#H mapbl

OnHMM H3 KITIOYEBBIX BOIIPOCOB B TEOPHH CBEPXITPOBOJAHMOCTH
SIBJIACTCS BOIPOC O MPHPOJE CHUM, COSAUHSIONIMX DIIEKTPOHLI B
KYIIEpPOBCKOH Mape.

KynepoBckas mapa o6pa3yercs u3 3JE€KTPOHOB, BOJHOBHIE
(YHKLMH KOTOPBIX HMEIOT OJHHAKOBHIE XapaKTEPHCTHKH
(«TOXZIECTBEHHBIX»  3JNMEKTpOHOB).  PaccrosHue — Mexay
9JIEKTPOHAMHM KYIIEPOBCKOMH Maphl MEHBLIE HX JUTHHEI BOJIHEI,
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B mozenn COB BoNHOBHIE CBOCTBAa KBAHTOBBIX OOBEKTOB
o6yCloBICHB! CO37aHMEM 3THMH oObekTamu Buxped B COB.
TOXIeCTBEHHOCTh KBAaHTOBHIX 00BEKTOB, corjiacHo (3.2), (3.3),
(5.1) (5.3) u (5.4), o3HagaeT, YTO CHHMHB MHKpPOYAaCTHI[ B
CepIeYHMKaX OTHUX BUXpell TPEHECCHPYIOT C OAMHAKOBOH
4acTOTOH, @ JJIEeKTpHYECKHe Junond, obpasylomuecs B
cepleyHnKax (MOXHO NPEANONOXKHTE, YTO ¥ CaM¥ CEPACYHMKH),
HMEIOT OJIWHAKOBBIE pa3Mepbl. Ecimm paccrosHme Mexny
KBaHTOBBIMH OOBEKTaMH MEHbBILIE Pa3’MEPOB MX JUIMHbLI BOJHE,
T0, B coorBercTBHH ¢ (5.3) u (5.4), cepledHHKH BHXpEH,
CO3/1aBacMble 3TUMH OOBEKTaMM OyAyT OOBEIMHSATHCA B OAMH
cepaeyHuk. B cooTBercTBUH cO cBoiictBom 14 (rmaBa 1) B
00beIMHEHHOM cepIieYHHKe OYyNeT MMETh MECTO BEIPABHHUBAHKE
YIJIOB TPEHeCCHH M  HYTalud CIMHOB  MHMKPOYACTHIL,
cocrapismiomux C®B. B rnase 5 Ha ocHoBe cpolictBa 12
(rnaBa 1) mokasaHo, 4YTO MeXJAy MHKDPOYACTHIAMH CYLIECTBYET
B3aHMOJCHCTBHE, XapaKTEP KOTOPOTO ONPEAENIECTCS B3aUMHBIM
HAIlPaBJIEHHEM HX CIIHHOB (TaK Ha3bIBa€MOE «CIHH-CIIHHOBOE
B3auMogeiicTBuey). IlomaraeM, 4YTO 3TO CHOHH-CIIHHOBOE
B3aHMOJEHCTBHE MHKPOYAaCTHL B OOBEAMHEHHOM CEpACYHHKE
BHXpeii, co3naBaeMbIX 3nekTpoHamu B COB, n omnpenenser
BO3HHKHOBEHHME KYTIEPOBCKHX Iap.

B 060CHOBaHHE 3TOrO MPEINOJIOKEHHS CPAaBHHM CIOCOOHI
paspylieHus KynmepoBCcKoif mapsl B pamkax Mozenrn COB u
CoCco0BI paspynieHus nap, HabmogaeMbIe B 9KCIIEPHMEHTAX.

- B pamkax Momemu CO®B paspymeHne mnapel MOXET
OCYIIECTBJIATBCSA BO3JEHCTBHEM Ha CIHHBI MHKPOYAacTHI] B
00beANHEHHOM CepIICYHMKE BUXpEi, 00pa3yeMBIX JJIEKTPOHAMH
kynepockod mnapel B CO®B. OT0O MOXHO OCYIIECTBHTS,
Hampumep, OOMydYCHHEM  CBEPXNIPOBOIAAINETO  BELIECTBA
¢oToHaMu, Tak Kkak (OTOHB! TaKXKe IPEACTABIAIOT cobod B
COB BuxpH, B CepACYHHUKAX KOTOPHIX NMPOMCXOAUT CIHMHOBAs
nomspusaus COB.  OxcnepuMeHTabHO — OOHapYXEHO
paspyuieHue KYNIepOBCKHX nap IpH o0JTyueHHH
ceepxnpoBojHuka ¢oroHamu [81]. Tlpnuém, npH NOrIOLICHUH
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¢oToHa  KynepoBckoid mapoil  HabGmiomaercas Ta  XKe
KBaHTOBaHHOCTh, YTO ¥ NPH TNOTJIOIIEHHH (HOTOHA 3JIEKTPOHOM
B aTOME, CONpPOBOXJAIOMEMCS H3MEHEHHEM XapaKTEPHCTHK
BOJTHOBOH (PYHKLIMH 3JIEKTPOHA.

- B pamkax momenmn C®PB mnapa paspymaercda, ecid
JIEKTPOHBI  NApEl  NEPECTAIOT  OBITh  TOXIECCTBEHHBIMH
YaCTHLaMH H/WIIM DAacCTOSHHE MEXAY OJIEKTPOHAMH CTaHET
Oosble WX JUIMHBL BOJHBL JTO MOXHO OCYHIECTBHUTH
TIOBLIICHHEM TEMIEPATYphl W/WIM HANO0XKEHHEM MAarHWUTHOTO
IOJII Ha CBEPXIIPOBOJHMK; IIPH 3TOM, B COOTBETCTBHH C (5.3),
(5.4), (6.12), (6.18) u (6.19) 3neKTPOHBI mEpecTalOT OBITH
TOXKIACCTBEHHBIMH. PaspyileHne mnapsl npud  NOBBINECHHH
TEMNEPaTyphl CBEPXNPOBOAHMKA W/MWIH HNpPH  HAIOKCHHH
Mar{HuTHOro nons Habmonaercs B 3xcnepuMenTax [59, 79].

IlpuBeném eme€ OAHO MAOKAATENLCTBO COCTOATEIBHOCTH
NPEUIONKEHHOH Mofenu oO0pa3oBaHUA KYNEPOBCKOH Maphl.
CornacHO BBIBOJAM IJIaBBl 3 CIHH-CHHHOBOE B3aUMONEHUCTRHE
MHKPOYaCTHIl B CEpACYHHKE BUXpA, 00pa’yeMoro KBaHTOBEIM
o6sexrom B COB, nprBOAHT K MOSABICHHIO TaKk Ha3bIBaeMoi
pPENATHBUCTCKOH J00OaBKM K Macce KBAaHTOBOTO OOBEKTa.
O6beanHeHHE CEpPACYHUKOB BHXpEi, CO3/1aBaEMbIX
anexTpoHamu napel B COB, nopimuser Ha XxapakTep CIIHH-
CIIMHOBOT'O B3aHMOJCHCTBHA B 9THX BHUXDSX, H, CIEIOBaTEIbHO,
Ha BEJIMMHHY «PENATUBHCTCKOM» noGaBku k Macce. To ecrs,
Macca KynepoBCKoH mapel Oyzer He paBHA CyMMeE Macc
3/1EKTPOHOB, BXOIMIIMX B TMapy. OJT0 sABIEHHE OBUIO
00HapykEHO IKCIEPUMEHTANIBHO [82].

Ilpumeuanue. TlomaraeMm, 4YTO PpACCMOTPEHHBIH BEILIE

MEXaHM3M B3aUMOJCHCTBHA TOXIECTBEHHBIX YacCTHI]

JeKUT B OCHOBE TAaK Ha3piBaeMoro OOMEHHOro

B3auMozehcTBHa. OOMEHHBIM  B3aMMOJCHCTBHEM B

KBaHTOBOM (M3uKe OOBACHSETCS, HANPHUMEP, NPHHIUI

IMTaynu u oOpazopanue JOMEHOB B (peppoMarHeTukax [35,

59, 60].
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BriBOABI K r1aBe 6

1. Cornacro mogenu COB cBepXnpoBOAMMOCTE BO3HHKAET IIPH
YMEHBIUIEHHH BA3KOCTH BEIIIECTBA, 00yCIIOBIEHHOH
B3aMMOJCHCTBIEM OJJIEKTPOHOB, BCIEICTBHE HAIMYMA Yy HHX
IIEKTPHYECKOro AMIOIBHOTO MOMEHTA, CBA3AHHOIO ¢ BOJIHAMH
MaTepuy. OTa KOHUEHUHA TO3BOJISET:

— BBIBECTH YpaBHEHHE, OIMHCHIBAIONIEE JKCIIEPHMEHTAIBHO
TIOTYYESHHYIO 3aBHCHMOCTb KPHTHYECKOTO 3HaYCHHS MarHMTHOH
HHAYKUHH CBEPXIIPOBOIALIETO MaTEpHaNa OT TEMIIEPaTyphl;

~ OOBACHHTh CYIIECTBOBAHHE KYNEPOBCKMX IIlap TIpH
TeMIIepaType BhILIE KPHTHYECKOMH;

— ONpeHeNuTh MHUHHMANBHOEC 3HAYCHHE  KPHTUUECKOTO
MEKTPHYECKOr0  TOKA,  BBI3BIBAIOILEIO  HCUE3HOBEHHE
CBEPXMIPOBO/ILMX CBOHCTB.

2. OOpasoBaHue KynepoBCKOH MNapsl OOBACHAETCA CHHH-
CIIMHOBEIM B3aHMOAEHCTBHEM MHKPOYACTHL[ B OOBEAMHEHHOM
cepaevyHHKe Buxped, coszgasaeMelx B CPB anexrpoHamu,
COCTaBIIAIOILIMH T1apy.
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I'naBa 7. Marnerusm

B oatoit rnmaBe Oyamer mnokaszaHo, 4to aBmxkeHue COB B
OKPECTHOCTH CEpACYHHKOB BHXpEH BBI3BIBAET MArHUTHEIE
ABJEHHS, B YACTHOCTH, CKOPOCTb 3TOTO ABHIXXCHHUS OINpPEAENsIeT
MarHMTHYIO HHIYKIHIO.

PaccMOTpHM  BHXEHHE  DJICKTPHYECKH  3apsKEHHBIX
KBaHTOBBIX OOBEKTOB.
1. CornmacHo BeIBOJaM FJIaBbl 3 JBHXKYIHHCS KBaHTOBBIH
00BexT co3naér Buxps B COB, a corlacHO BBIBOJAM IIaBH S
MOTOK 3JIEKTPHYECKH 3APIKEHHBIX KBAHTOBBIX 006€KTOB (TOK I)
MOXHO MOJE/IMpOBaTh BUXpeBoi HUTHIO B COB. U3 ypapHenHit
(2.10) u (2.11) cnemyer, uto HampaBieHHe uupkyasuun I
BekTopa ckopocth COB  Bokpyr cepmeyHHKa  BHXpS
TPOTHBONOJIOKHO HANpPaBICHHIO CYMMapHOro CcIIHHa S,

MHUKpOYacTHLl B cepAevHHKe BuUXpa. ClemoBaTenbHO, B
cootBercTBHH ¢ (5.8) 1 (5.9):

rtiI. (7.1
AHaJIOTVYHO HampapjieHa UMPKYISUUsI MarHUTHOH MHIYKInH B
BOKDYT NPOBOAA C TOKOM I10 OTHOIIEHHIO K HANPaBJICHUIO TOKA
[28].

2. Cornacio cBoiictBy 11 (rmasa 1) B COB Moryr
00pa3OBLIBATECH BUXPH C OCECHMMETPUYHBIM CEPACUYHHKOM,
cxopocte CDPB BOKpYr KOTOPOTO 3aBHCHT OT PacCTOSHHSA 7 OT
ocu BUXpa Kak 1/r. Taxas ke 3aBHCHMOCTb OT PacCTOSHHA
XapakTepHa JUIs BEAWYMHBI MArHMTHON HWHAYKLIHH BOKpPYT
IIPOBOAHNKA O6ECKOHEUHOM ITHHEI ¢ TOKOM [28].

3. Yacrora BomHOBO# GyHkumu UIp€munrepa ABHKYIMXCS
3NIEKTPHYECKH 3apHKEHHBIX KBaHTOBEIX o0BexToB
(ompezensiomas COrjlaCHO NPHBEASHHOMY HUKE YPABHEHHIO
(7.4) nupkynaumio I') 1 MarHATHas MHAYKOUA, CO3AaBaeMast
3THMH ABHXYIIUMHUCS OOBEKTaMM, ONPENENTIOTCS B OJHON U
To# ke cucTeMe otcyera. Hanpumep, MarHuTHas MHIyKuus B
BOKPYT MPOBOJIa C TOKOM OINpPEAENAETCA CKOPOCTBIO ABHIKECHHS
3JIEKTPHYECKH 3apsKEHHBIX KBaHTOBBIX 00BEKTOB
OTHOCHTEJIBHO «MOJIEKYJISPHOH CHCTEMBI» 3TOro mposoja [28].
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OTHOCUTENBHO TOM JKE€ CHCTEMBI OIPEACHAETCA DHEPrusd, a,
CJIEIOBATENBHO, ¥ 4aCTOTa BOJHOBOH (GPyHKIMH 3THX OOBEKTOB.
4. B pabore [26] moka3aHO, YTO MMEETCH AHAJIOTHUS MEXIY
CTPYKTypamu bopmyi, OIUCHIBAIOIIUX MAarHuTHbIE
B3aUMOJICHCTBHS TOKOHECYIIMX MPOBOJAOB H CTPYKTypamHu
¢opMyI1, ONMCHIBAIOIIMX B3aKMOACHCTBHE BUXpEH B HIACATLHON
HEC)KMMaeMOH KHAKOCTH C OTPHUATENbHBIM [JaBICHHEM.
Moxer JH CcBepXTeKy4HH (H3HUECKHH BakyyM OKITH Takoii
cpenoi?

B paMkax ruapoAMHaMHYECKOH MOJENHM CTallHOHAapHOE
JBIDKEHHE CBepXTeKydel XKMAKOCTH ONMCBHIBAECTCA YPaBHEHHEM

[84]: pu2 /2+ pu=const, rie y — XAMAYECKHH IOTEHIMAI,
p — miotHocts COB. Benenctue a3oBoro nepexona BHyTpH
cepaeyHuka Buxps (cpoificrBo 10, rmasa 1) moreHuman u

MOXET He MpOSBIATHCA BHYTpH BHXpsA [9]. B cBasu ¢ stum
JeiicTBUE CBEPXTEKYHeH KHAKOCTH Ha CEPACYHHUK BUXPS MOXKET
OBITh MaTeMaTU4EeCKU OIMCAHO BBEACHUEM JaBJICHUS p Ha
rpanule cepaeunrka Buxps B COB. 3Hak naBneHHs 3aBUCHT OT
XapakTepa BHYTPEHHMX HanpsokeHuid B cpene. Ecmu atm
BHYTPEHHHE HANpPXKEHUS MMEIOT XapaKkTep <«BCECTOPOHHHX
pactsokeHunit» [84], TO naBnenue OyneT OTPHLATENBHBIM.
«BCcecTOpOHHHE  PacTSHKEHHS» 9TO TO, 9YeM  MOXHO
oxapakrepusoatb CPB B 3aBuxpéHHOH obnactn. ObocHyem
3TO yTBEP)KACHUE.

B cooteerctBuH co cBoiicteoM 5 COB (mmaBa 1),
CyMMapHBIHl CIIHH Napbsl MHKPOYACTHI B CEPJAEYHUKAX BHXpeEH
He paseH Hymo. CornacHo cBoiictBy 12 C®B (rmasa 1) stn
napsl 00pa3yloTcs B p-COCTOSIHUM; B 3TOM COCTOSHHH MEXIY
3NEKTPHUYECKH MPOTHBOIIOJIOKHO 3apsHKEHHBIMU
MHKPOYaCTHI{AMU C OPHEHTHPOBAHHEIMH BJOJb OJHOH NpAMOH
CIIMHAMH CYIIECTBYIOT CHWIBl OTTaJKHBaHUA. B rmase 5
NOKa3aHO, YTO Pe3yIbTaTOM JEHCTBHA 3THUX CHJI SABIACTCA
BO3HHUKHOBEHHE  3NIEKTPUYECKOTO  IUIONBHOTO  MOMEHTa
CepIEYHUMKAa BHXpA M pOXAeHHE (GOTOHOM Maphl YacTHILla-
anTHYacTHIla. Kpome Toro, Tak xak cepaeunuku Buxpeit 8 COB
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ABIAIOTCH NEKTPUYCCKUMH JUITOJIIMH, B 3aBUXPEHHOHN o0nacTu
HMEET MECTO 3JIeKTpHYecKas noaspusanus COB, To ecTh, mpo
napsl  MHKpoyacTHl, cocrapisiomue COB B 3aBuxpénuoit
061acTH, MOXHO CKa3aTh, YTO OHH «PACTAHYTH» BIOJb
3NEKTPHYECKOTO MO,

Tak kak poXkaaroIHecs M3 BaKyyMa JaCTHI(H C HEHYNEBO
Maccod NOKOS SABIAIOTCA KBa3HKOJUIANICAMH MHKPOYACTHIL,
coctapnaoumx COB (cM. rnasy S), miotHocts CO®B MoxHO
CYHMTATh NOJIOKHUTENBHO.

Takne xapakxrepuctnku CPOB kak oTpHIATENbHOE JaBICHUE
H  MNOJIOKHTEJIbHAS IUIOTHOCTS, HE  TPOTHBOpEYAT
CYIIECTBYIOIIMM MOAEIAM «KOCMHYECKOro» Bakyyma [85-88].
Cornacno 3t¥M MozensM, okoiio 70% Bceit sHepriuu BeeneHHOM
CYIIECTBYET B BHJE TaK Ha3bIBacMOHl TEMHOH JHEPrHM WK
«KBHHTICCEHILIUUY, Xapakrepusyouiencs OJTHOPOJHBIM
pacnpezneneHeM TIOJIOXKUTENBHON IIOTHOCTH "
OTPHUATENbHBIM NaBiCHHEM. «KBHHTICCEHUUS» HE H3IIyyaer,
HE MOMVIOLIAET M HE OTPaXKaeT CBET, 4TO BIIOJHE OOBACHHMO,
€CNM NPERNONOKHTD, YTO OHA SBISETICH CBETOHOCHOH Cpenoi.
(Ot™ernM, uyTo B psane pabot [4-8, 89] 06cy)maroTCs aHANOTHH
MeXIy HEKOTOPHIMH CBOMCTBAMHM CBepXTekyuero °-He u
KOCMOJIOTHYECKUMH SABJICHUAMH. )

Taknm 06pa3oM, MOXKHO NPEATIONOXUTD, YTO JaBJICHHE p Ha
rpaHuie cepaeyHnka Buxps B COB ynoBnersopsier ypaBHEHHIO:

pu2 /2—p=const. (7.2)
(Ecnn, Kak 3TO NPHHATO B 'HAPOJHHAMHKE, PacCMATPUBATEH
cuiy kak unrerpan F=- _[ g pnds , rie n — BHEUIHSS HOPMANb K

HEMPOTEKaeMOH NOBEPXHOCTH S', a ds — GECKOHEYHO Mablii
3JIEMEHT 3TOH NMOBEPXHOCTH, TO, NpUHUMAX BO BHMManue (7.2),

1
[IoJIyqaeMm: Fz—z I 5 puznds. To ecth, BCE AMHAMHuYECKHE

XapaKTepUCTHKH OyAyT MMETh 3HAK, NPOTHBOMNONOXKHBIH TOMY,
KOTOPBIE OHM HMenH Obl A oOBIYHON  MIeanbHOM
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HECKMMaeMOlt  JKHMIKOCTH C  TEMH XK€  CaMbIMH
KHHEMaTHYECKHMH CBo¥icTBaMHu [26]).

IlonaraeM, 4TO paccMOTpeHHass B IEPEYMCIICHHBIX BBIIIE
NyHKTaX 1-4 aHaMOrus MEXZY XapaKTEPHCTHKAMH IIOJ
ckopocrelf, cospnaBaemMoro B C®B BHXPEBBIMM HMTAMY,
006pa30BaHHBIMH JBHXKYIIMMHUCS 3apsaaMu, "
XapaKTePUCTHKaMH MAarHWTHOTO IONS, CO3/A3aBAac€MOr0 3THMH
3apsnamy, He cnydaitna. To ecth, apmwxkenne CDB Bokpyr
CEPACYHHKOB BUXpEHl 00yCNOBIMBACT MarHUTHBIC SBICHHUS.

Ha 6a3e ypaBHeHus (7.2) MOXHO BBIBECTH COOTHOIICHHS,
YCT@HABJIMBAIOUIHE  CBA3b  MEXIY  XapaKTEepUCTHKaMH
MarHMTHOTO TOJi1 M Kak JAHAMHYECKMMH, Tak W
KHHEMaTHYeCKHMH XapakrepHcrukaMu COB.

B3aumopeiictBue aByX OeckOHEYHOH IJHMHLI BHXPEBBIX
HUTEeH W B3aumojaeiicTBMe ABYX OecKOHEYHOH JJIMHBI
HPOBOJOB ¢ TOKOM.

Cuna, jeficTByomias Ha €JUHHLY UIHHBI Ka)XKIOH M3 JBYX
Mapajule]bHbIX OECKOHEYHBIX MO JUIMHE BHMXPEBBIX HUTEH C

wapkynsumeit [, paswa F=p[2/(22r,), rtme r, -

w
paccTOSHHE MexXIy BHXpeBbIMH HHTAMH [26]. Chia,
JeficTByolIas Ha €IWHMIY JUIMHBI KaXAOro H3 IBYX
OECKOHEYHBIX MO JUIMHE NapaUIENBHBIX MPOBOJOB C TOKOM /,

paBHa F =2I%/ (rwlcz), rIe ¢ — CKOPOCTh CBE€Ta, 1, —

PACCTOAHUEC MEXAY MPOBOAAMH C TOKOM, IIPHHHMACM K1 =7y,

[28]. IIpupaBHHBas BHILIENPHUBEAEHHEIE BRIPAKCHHUA JJIS CUI K
YYHTBIBasA, YTO NPH OJHHAKOBOM HAIPaBJICHHU TOKOB, TaK K¢
KaKk W UpH OJWHAKOBOM HalpaBJICHHH LMPKYIAIMH BeKTOpa
ckopocTd C®B BOKpYr BHXPEBBIX HHTEH, pacCMaTPHUBAECMBIC
CHJIBI ABJISIIOTCS CHJIAMM NIPHTSKEHUS, HMEEM:

L (1.3)
cNp
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Hcnons3ys coornowienus (3.2) u (7.3) U BBIpakasd TOK Kak
I=qv, (¢ - BennmynHa 3apsna, MPOXOLAWIEro 4epe3
TONEPEYHOE CEUCHHE IPOBOJA B CIWHHLY BDEMEHH, V, -

CKOPOCTh 3apsjia), MOXHO moiyudth CBf3b I' ¢ wacToTOH
BOJIHOBOA (PYHKUHH ®g, 3apsKCHHBIX KBaHTOBHIX OOBEKTOB,

obpasyronmx Tok. PaccMOTpHUM cityyaif, KOTAa 3TH KBaHTOBBIE
OOBEKTHl HMCIOT  OJMHAKOBBIC ~3HAYCHHA MacChl  m,,

3JIEKTPHYECKOTO 3apsia, W IOJHAs SHEPrHA KaXIOro H3 HHX
paBHa KHHETHYCCKON SHEpruu mqv2 /2. YaursBas (3.2), (5.8)

u (5.10), nomy4aem:

r--2a | 2= (1.4)
c mq POsh

Ecim 3apsan BeIpasuth B KynoHax, To ¢opmyny (7.4) cremyer
3aIIHCaTh B BHJE:

«*29 | 2nh
c mq POSH

r=—Z Wgy 5

19i (S Z* =1 xr'm"2c 'K,

ITone ckopocredi, o0pazoBanHOe 3aMKHYTOH BHXpeBOM
HUTBIO, H MArHATHAA HHAYKIUA BOKPYT METJH ¢ TOKOM.
ITose ckopocreit u, co3naBaeMoe 3aMKHYTOM BHXPEBOM HATHIO C
uupkynsmueit I' BIosis nMpoH3BoNBHOM mMeTnH, OXBaTHIBAKOIIEH
BHXPEBYIO HUTb, ONpeeserca Kak [26]:

r dlxr
u:—EJ‘L'—T, (7.5)

rae dl — OeCKOHEYHO Malblif BEKTOPHBIH 3JIEMEHT HHTH, L
- JIMHA BHXPEBOH HHUTH, I — BEKTOP DacCCTOSHHS MEXIy
aneMeHTOM dl M HcclexyeMoH Toukoil. BHe BHXpeBOif HHUTH
rom = 0. Crpykrypa ypaBHeHus (7.5) coBmajaer co
CTPYKTYpOH ypaBHEHMs IS MarHHTHOH HMHAYKUMH B BOkpyr

7
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NPOU3BOJILHOIO IPOBOJIA JUTHHEI L c Toxom I (zaxoH bmno-
Cagapa) [28]:
I, dlxr
B==| ——. 7.6
=3 (7:6)
Pemtas coBMecTHO ypasHenus (7.3), (7.5) u (7.6), monydaem

ypaBHEHHe, CBA3bIBalomiee B co ckopocThio cpefel u:
B=2\np -u. (1.7)
Ilpumeuanue.  YpasHerue (7.2) sanucaHo A
3apuxpéHHo  obmacru C®PB. (Ota  obnacTe
XapaxkTepusyercs 3eKTpuueckoi nossipusanueii COB B
OKPECTHOCTH BHXpe#, a Takxke OIICKTPHYECKOH H
cniuHOBO# mojspu3anmeli COB B cepaeynukax BHXpeii.)
CnepoBarensHo, ypasHenus (7.3) — (7.7), apadionmecs
cnepcTBusAME  ypaBHeHus  (7.2), cupaBednuBEL B
3aBuxpéuHoil  obmactH. CnpaBeUIMBOCTD HMX B
He3aBUXpEHHOH obnacTy CPB He paccMaTpHBAeTCA.

U3 (7.7) cnemyer, urto ABueHHe O0BEKTa B 3aBUXPEHHOH
obnactu COB paBHOCHIBHO HAJIOKEHHIO HA HEr0 BHEUIHETO
MarnutHoro mojyii. Ecimu mpuHATe mnotHocts COB B arToi
o06acTH paBHOW NpPHHATOH B KOCMOJIOTHH IUIOTHOCTH

27
«KBHHTICCEHUHM»: 7- 107 'kr/M’ [85, 86, 89], To 0OBEKT,
nersmmit co ckopocteio cBera B COB, mcmeitaer Ha cebe

. “ -9
JeHcTBHE MarHuTHOro nojs senuuumHodt B = 3.10 "Tn, uro

COCTaBJIfET ~10" OT BEJTMYUHBI MArHHTHOIO MO/ 3EMIITH.
HmMmeroTcst  SKCIEpUMEHTaNbHBIE  JaHHBIE,  KOCBEHHO
CBHAETENBCTBYIOILHE O TOM, YTO IPH OTCYTCTBHHM MarHMTHOIO
noist B CHCTeME (M3HMYECKOro BaKyymMa B CHCTEME
OBWKYyHIerocss o0BeKTa MarHHTHOE 1I0Jie  CYIIECTBYET.
Wcnons3oBad  TEPMHH  «KOCBEHHO», Tak  KaKk B
paccMaTpUBAaEMBIX O3KCHEPUMEHTaX JAaHHBIE OTHOCATCA K
HEHTpHHO, CBOWCTBA KOTOPOrO BO MHOIOM €LIE MPEICTaBIAIOT
saragky. Ha coBpemeHHOM dTane pa3BuTHa (pusukm Haunbonee
MPUEMIIEMO CYHTAETCA KOHUEMUHA MAaCCHBHOIO HEHTPHHO,
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HMEIOLIETO HanpaBICHHBIH BAOJNb CIMHA MATHUTHBIH MOMEHT.
Ilpn 1aBWKEHMM OTHOCHTENBHO KOCMHYECKOIO» BaKyyMa
OPHEHTANMs CNHHA HEHTPUHO NMPOTHBONOJIOXKHA HAIPABJICHHIO
CKOPOCTH, B TO K€ BpeMsi NpH JABH)KEHHH B MAarHUTHOM I10JIE
(CyHIeCTBEHHO NpPEBHIIIAIONIEM MAarHUTHOE Iojie 3eMJIH) CITHH
HEHTPHHO OPHEHTUPYETCS BAOJIb MAarHUTHOH HHAYKuMH [90-92].

Hcnons3ys dopmynsr (2.16), (2.17), (2.24) u (7.7), MoxHO
3anucaTh CHCTEMY YPaBHEHHH, ONMCHIBAIOUIYIO BHXpe-
BosnHOBOH mponecc B CPB, c¢ yu€rom mons ckopocreii,

C0371aBa€MOro BHXPEBOH TPYOKOH, 00pa3zoBaHHOH
JBUXKYIUMHCS 3apsaMH.

Ou

—=—c-rotY,

ot

oY *

—+cl’ =c-rotu,

ot
e I - HUPKYJIAus Bektopa ckopoctd COB Bokpyr

BUXpeBOH TpyOKH, CO3AaHHON OHOHANPABIEHHBIM JBHKEHHUEM
3JIEKTPHUYCCKH ONHOMMEHHO 3apsHKEHHBIX YacTHLl, JejEHHas Ha
oAb CEYECHNs BUXPEBOH TPyOKH.

Hcemopuueckas cnpaska. Emg B Havane 20 sBexa I'. A. Jlopenn
BBIIBUHYII NMPEANIONO0KEHUE, YTO XAPaKTEPHUCTHKA MArHUTHOIO
IOJISL OTIPENEINAIOTCA CKOPOCTHIO CBETOHOCHOTO adupa [93-94].

V3noxxenHas B 3ToH TrIJ1aBe MOJAEIb BO3HHKHOBEHHS
MarHMTHOTO TMOJA TMO3BOJAET HPEUIOKUTh OOBICHEHHE
apdeKTa «BBHITANKMBAHHA» BHEIIHETO0 MArHUTHOTO IO H3
MaCCHBHOT'O CBEPXNPOBOJHHUKA.

OddexT nMeeT MecTo Kak B CiIydae, KOra MarHHTHOE II0JI€
B, B< B, (B, — KpUTHYECKOE 3HaYEHHE MarHUTHOH MHAYKLHH

NpH  TNpou3BOJIbHOH  Temneparype 1)  HaJOXeHO Ha
CBEPXMNPOBOAHMK IIpH TeMrepatype 7, MeHbilel KpHTHYECKOMH
TeMnepaTypsl T, , Tak M B TOM CJIy4ae, KOraa MarHuTHoe mone B

HakyaapiBaercs npu T >T,, H JIHWB 38TEM IPOHUCXOIUT
oxnaxzaeHne wMartepuana g0 T <T, (3pdexr Meiicuepa—
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Oxcengenpma [95]). Oror 3ddekT mokaswBaer, 4YTO
CBEPXIIPOBOJUMOCTh HENb3s pAcCMATPHBAaTh KaK IPOCTYIO
MOTEPIO MPOBOJHUKOM 3JIEKTPUYECKOr0 CONpOTUBICHHSA. Ecimu
Ob1 OOBLIYHBIA MPOBOAHHK, HA KOTOPBI HAJNOXKEHO MAarHUTHOE
nojJe, npu OXJIQXKACHUH o T<T, CTAHOBHJICA

CBEPXIPOBOJIAIINM, TO B HEM JOIKHO ObUIO OLI COXPAaHUTHCA
MarHuTHOE II0jie, KOTOpoe OBUI0O B MOMEHT Iepexoja B
CBEPXIIPOBOSAIIEE COCTOSHHE.

B wmomemu COB, cormacuo (7.7), cymiecTBoBaHHE
MarHuTHOrO TmONA B Kakoi-nu6o o0macTH MpOCTPaHCTBA
osHavaer nBmwkeHne COB B aToff obnmactu. B pamkax
ruaponuHamMuyeckoro  onucanugs COB  «BHTaJIKKBaHHE»
MarHUTHOTO TOJNSA M3 CBEPXIPOBOAHMKA CBHAETEIBCTBYET O
TOM, 4TO BemmunHa napieHus COB, p, B o0nacTn HaXOXAEHHS
CBEPXIIPOBOJIHVKA OTIMYAETCS OT BEIMYHMHBI NABJICHHUS BHE 3TOM
obnact. OHOM K3 MPUYNH U3MEHEHHUS JAaBJICHUS MOXET ObITh
PABEHCTBO HYJII CYMMApHOIO 3JCKTPHYECKOrO IHIIOIBHOIO
MOMEHTa KyNepoBCKO# mapsl, cM. (6.14).

BoiBoanI Kk rijiase 7

Cornacuao monemu CDB:

I. MarxutHsle B3aHMOJIEHCTBHA 00yCIOBIICHEI
B3aUMO/JICHCTBHEM BHXPEBBIX HUTEH, 00pa3zoBaHHBIX
JIBIDKYIIMMHUCH JIEKTpHYeCKUMHE 3apsanamMu B COB. MarnutHas
HHIYKIMS npornopuroHansHa ckopocTd COB Bokpyr BUXpeBoii
HUTH.

2. pwxeHue obwvexkta B 3aBuxpéHHoii obmactm CPOB mo
BHI3BIBAEMBIM  (U3HUECKUM  SBICHHAM  SKBHBAICHTHO
HAJIOXKEHHUIO Ha OOBEKT MAarHUTHOTO IIOJIA.

3. DOddexr «BHTAIKUBAHUA»  MArHUTHOrO IO M3
CBEPXMPOBOJHHUKA MOXET OBITH BHI3BAH M3MEHEHHEM CBOMCTB
CBEpXTeKy4Yero (H3HYECKOr0 BakyyMa B OKPECTHOCTH
KYIIEpOBCKHX Hap.
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I'z1aBa 8. Bzaumopeiicreue 00beKTOB B Pn3nieckom
BaKyyMe IIOCPEACTBOM CBEPXTEKYYMX CINHOBLIX TOKOB

B 370if rnaBe Ha OCHOBE MOJENH CBEPXTEKY4Yero Gpu3H4ecKoro
BaKyyMa NpeJIOKEHa HHTEPNPETALUSA CHERYIONHMX SBJICHMIH:
JENCTBUE CBEPXMANBIX [03 OHOJOrMYecKkH aKTHBHBIX BEUIECTB
Ha Owuosornyeckne OOBEKTHl; JUCTAHLUMOHHOE BO3JEHCTBHE
4ENoBeKa Ha (PH3UIECKHE CHCTEMBI.

CoryacHO BBIBOJIaM IJIaBHI 3 KBaHTOBBIE OOBEKTH! CO3JAIOT
B COB BHxpH. B cooTBeTCTBHH €O CBOWCTBaMH 5 U 7 MoOJenu
C®B (rnasa 1) B cepieyHUKE BUXPS NPOUCXOAHAT OPUCHTALIA
BAOAb OCH BHXPS M TNpELECCHs CIMHOB MHKPOYAacTHII,
obpasyroux COB. CnenosarensHo, CEpISYHHUK BUXPS MOXKHO
paccMaTpUBaTh Kak CNIMHOBYIO CTPYKTYDY,
XapaKTEPU3YIOIYIOCH BEJIMYMHOM CIIHHA, YaCTOTOH IPELeCCHH,
YIIIOM MpPEHecCHH M YIIOM HyTalMu. YTUBI MNpeneccud Hu
HYTal} ABJISIOTCA YrJlaMM OpPHMEHTALMH NapaMeTpa mopsaka B
CBEPXTEKydeH cpelie, 4 B COOTBETCTBHHU ¢ 14 cBoiicteBom COB
(rnaBa 1) B 3TO# cpene CYMIECTBYIOT NMPOLECCH, CTPEMAILUECS
BBIPaBHATH KaK YIJIbl MPELECCHH, TaK H YIUIBl HYyTalHH. TakaMu
MIPOLECCAMH SBIIAIOTCHA CBEPXTEKYYHE CIIMHOBBIE TOKH. Taxum
o6pa3oM, CHOHHOBBIE CTPYKTYpHI, co3jgaBaemele B COB
KBAaHTOBBIMH OOBEKTAMH (2, CJIEIOBATEIILHO, H CaMH OOBEKTHI),
MOTYT  B3aUMOACHCTBOBATh  IOCPEACTBOM  CBEPXTEKYHHX
CIIHHOBBIX TOKOB. Tak kak BCe MaTepHUalbHBIE TeJla COCTOAT H3
KBAaHTOBBIX OO0BEKTOB, co3pawommx B COB crnuHOBEE
CTPYKTYDBI, TO, CIEAOBATENBHO, BCE MaTCpHAILHEIE TeJla MOTYT
B3aUMOACHCTBOBATH JPYT C APYTOM NMOCPEICTBOM CBEPXTEKYYHX
CITHHOBBIX TOKOB.

OnpeneneHye 3aBHCHMOCTH OT BPEMEHH CBEPXTEKYYero
CIIMHOBOI'O TOKa, BO3HHKAIOLIETO MEXIY ABYMsA 00JacTIMHU C
IPEUECCHPYIOINMMU  CMUHAaMU  (HanpuMmep,  OAHOPOJHO
npeneccupyromumu fomeamu — OITM, cM. puc. 1.1), B obmem
Cilydae sIBJISETCS CJIOKHOM 3az1aueit, Tak KaK CKOPOCTh Mepeiadu
HHpOpMalMM O HUIMYHH TpPagMEHTa Yr/1a Mpeleccud B
CBEPXTEKYYEH cpelie SBJIIETCA TEopeTHuYecKH GecKOHedHOll, a
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CKOPOCTh CBEPXTEKYYEro CIIMHOBOIO ToKa KoHeuHa [24]. Kpome
TOro, JOJDKHa OBITh NPHHATa BO BHHMaHHE BO3MOXHOCTB
npockanb3sBaHug (asel (rnmasa 1, csoiicTBo 15). PaseHncTso
YTJIOB NpeliecCHd W HyTauuu Ang BlaumozaeitcTByrommx OILJ
6yner HOCTUrHYTO, TO €CTh, B3auMoAeiicTBHe Oymer Haubolee
@b dexTUBHO», €CIIH PACCTOSHHE MEXAY HMMH, X, ¥ pasHOCTb
MEXIYy HX YacToTaMu Ipeneccuu, Aw, OyayT ynoBIETBOpATDH
CJICIYIOLIHM YCIIOBHSAM:

Aw—0, 8.1
X—0. 8.2)
Ilpumeuanue. B COOTBETCTBHH C BBIBOJAMH IN1aB 3 H 5
YacToTa NPELEeCCHH CIIHHOB MHUKPOYAaCTHL B CEPACYHHKE
BUXpS, CO3/aBaEMOr0 KBAaHTOBBEIM OOBEKTOM, ABISIETCS
9acTOTOW BONHOBOW (YHKIMH KBAaHTOBOrO OOBEKTa, a
MHHHMAQJIBHBIH pa3sMep CepAcYHUKA BUXPA ONMpENeIsIeTCs
JUINHOH BOJNHBI A BOJHOBOH (YHKIHH 3TOro 00BEKTa
(nanmpuMep, MUHMMAIBHBIN pa3Mep CepAedHHKa BUXPA,
CO3JaHHOTO DJJIEKTPOHOM WIM TIO3WTPOHOM, paBeH
A/ (2r)). CnepoBarensHo, coorHomenus (8.1) n (8.2)

03HAYAI0T, YTO B3aHMOJEHCTBHE KBAHTOBBIX OOBEKTOB
Haubonee «3(pGEeKTHBHO», KOrZAa OHH OIHCHIBAIOTCS
BOJIHOBBIMU (DYHKIHAMH C OJMHAKOBBIMH YaCTOTaMH, a
PacCTOSHME MEX/y HUMH MEHBIIIE MX JITHHBI BOJIHBIL.

8.1. [eiicTBUe cBEPXMAJbIX A03 OHOIOrHYECKH AKTHBHBIX
BeIIeCTB HA OHOJIOrHYeCKHE 00beKThI

Crnenyer OTMETHUTb, YTO CTAHOBJIEHWE 3TOrO HanpaBlICHHs B
HAyKe O JKUBBIX CHCTEMaX OBLIO HENPOCTHIM — OT IIOJHOrO
OTPULI@HHS CaMOro Haauuyus [IpoOaeMbl H HOCTOBEPHOCTH
OKCIICPUMEHTANIBHBIX JIAHHBIX JIO OCO3HAHHA €€ KaK HOBOIO
Hay4HOrO HaIpaBJICHU. YpoBeHb fuonorm4eckon
OpraHHu3alM{, Ha KOTOPOM MPOSABIAETCA JEHCTBHE CBEPXMAIIBIX
03 (CM]I) 6nonornuecku akTuBHBIX BeuiecTB (BAB) BecbMa
pasHoobpazeH — OT MakpOMOJIEKYJ, KJIETOK, OPIraHOB U TKaHEMH
JIO JKHBOTHBIX H PACTHTENIBHBIX OPraHH3MOB.
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B Hacrosmee Bpems no3a BAB cuwrtaercs cepxmanoi,

-13
€CJIM KOHILEHTpauus 3Toro BeiecTBa cocraeiager 10 "M u
Huxe [96, 97]. OtrMerum, 4TO NpH BBEACHHH B OPraHU3M

-12 -13
BemrecTBa B fo3ax 10 ~ — 10 "M B kieTke OyzeT comepxarbecs
npubmusutensno 1-10 Monexyn sToro BemecrBa. To €cTh, Ipu

KOHLICHTpaLUsAX HHXKE 10"4M, B paMKax Kjaccudeckoil pu3nky,
B KICTKE HE COACPKHMTCA HH OHOM MONCKYNb!I BBEAEHHOTO
BemecTBa. Ilocnennee femaer kpaiiHe CIOXHBIM OOBIACHEHHE
nericreennocT CMJ] 8 pamkax knaccrueckoil (pHU3HKH.

K gucny 3¢ dekxros, xapakrepHbix s aedcreus CM/{ BAB
Ha GHonoruyeckue 0OBEKTH, MOXKHO OTHECTH ciexylomue [96-
100]:
1. KuHeTHyeckuii mapagokc, a MMEHHO: BBHICOKO3(EKTHBHOE
Bo3zeiicteue CMJL BAB Ha kneTky wim opranusM, Koraa B HUX
HMEETCA TO K€ BEHIECTBO, HO B JI03aX HAa HECKOJIBKO MOPAIKOB
BBILIE TEX, KOTOpbIE Henonb3yroTest kak CMJI,
2. M3sMeHeHHe YyBCTBHUTENBHOCTH (KaK MPaBHJIO, YBEIHYCHUE)
Ononoruyeckoro OOBEKTa K NOCAEAYIOIMM BO3JEHCTBUAM
CM/J] BAB.
3. 3aBucuMocth <(3HaKa» 3p¢exra (NOAABNECHHE WM
CTUMYJIALMS) OT HAYAIbHBIX  XapaKTepUCTHK  oObekTa
BO3JIEHCTBHSL. '
4. HemoHnoTOHHAf, NOAMMOJANbHAS 3aBUCHMOCTh «I03a-
spdexr». B GONBUIMHCTBE ClIyuaeB MAaKCHMYMB! aKTHBHOCTH
HabJII0AI0TCA B OMPENENEHHBIX HHTEPBAIAX 03, pasieNEHHbIX
MexXIy co0oi Tak Ha3bIBaeMbIMH «MEPTBBIMH 30HaMK». VIHOrIa
onuHakoBele  3hdexkTer  momywator ang go3  BAB,
padiuaronimxcs Ha 53-8 mnopsnxkoB. HMuorma B nxo3oBoH
3aBHCHMOCTH Ha0mojacTcst H3MEHEHHeE «3Haka» 3¢dekra.
5. Ucue3noBenne noGoUHEIX 3QQEKTOB NpH YMEHBILEHHH JO3bI
BAB (npu coxpanenuu axruBHoctd CM]] BAB).

3akoH nono6us I'aHeMaHHa («og06HOE AEYUT MOoxOOHOEN)
{101, 102] moxer OwIT CileACTBHEM 4eTBEPTOro CBOMHCTBA:
Majble 10361 KOHIEHTPalUHH ONpeAeNnéHHOro BELIECTBA JICHAT
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Gose3nb, a GoNplME HO3BI TOTO YK€ CAMOrO BEWIECTBA MOTYT
BLI3BaTh €€.

IMokaxkxeM, 4YTO MNEPEYHCIICHHBIE BHIIE XAaPaKTEPHCTUKH
MOXHO OOBACHHTh CBOHCTBAMH CBEPXTEKYYHX CITHHOBBIX
TOKOB, BO3HHUKAIONIMX MEXJAy CIHHOBBIMH CTPYKTYPaMH,
cO37aBaeMBIMH B CBEpPXTeKyueM ¢usndeckoM Bakyyme CMJ]
BAB u 6uonornuecknm ob6wekToMm (6uoob6nekToM). (B rmaBse
HCNONL30BaHbl pe3ynbTaTsl pabor [103-106].)

Hna ymobcTBa H3MOXKEHHSA NPHHAMAEM, YTO CHHHOBAs
CTPYKTYpa, co3zaBaeMast B CoB 61000BEKTOM,
XapakTepu3yercs €OUHCTBEHHBIMH 3HAYCHHSMH  4aCTOTHI
MIPELECCUH, YTIIa IIPELECCUH U YTJIa HYTAllH, TO €CTh, ABIAETCS
ofiHOpoAHO npeneccupyromuM nomerom (OI11) 8 COB.

s «xonuvectBeHHOro» onpeneneHus no3sl CM/J| BAB B
paccMaTpuBaeMol MOAENH BBEAEM IOHATHE «KBAHT». «KBaHT»
— 9TO Takas A03a BEIIECTBa, kKoTopas co3aaér B COB cnuHOBYIO
CTPYKTYPY, XapaKTepU3YIOIIYIOCS] €IMHCTBEHHEIMHI 3HAYEHUAMH
YacTOTHI TIPELECCHH, YTJIa MPELIECCHH U YIJIA HYTalluH, TO €CTh,
CTPYKTYpY, asisromyiocs OITJ{ B COB.

Ilpumeuanue. Buny HemoCTaTKa 3KCTIEPHUMEHTAIBHBIX

JaHHBIX 00 OCOOCHHOCTAX 3aBHCHMOCTH CHHMHOBBIX

TOKOB OT Pa3HOCTH YIJIOB HYTaIlUH CIIMHOBBIX CTPYKTYD

npu  anamasze B3aumomeiictBus CMJ BAB n
61o00BeKTa YIIIBl HyTallMK HE PaCCMAaTPHBAIOTCS.
1. Yrobsl onmcaTs CNIHHOBBIE CTPYKTYpPH, co3faBaembie CM]|
BAB B C®B B KoJHM4YecTBe OJHOr0 «KBaHTa» H OHOOOBLEKTOM,
BBeAEM creflyromye 0003HAYEHH: @), — YACTOTa MPELECCHH B

CIIMHOBOM CTpyKType, co3pasaemoii CMJI BAB, @,, — 4acrora

IIPELECCHH B CIIMHOBOH CTPYKTYpE, co3aBacMoiil 6H00OBEKTOM,
Ao, — pasHOCTh YIJIOB IIPELECCHH B PaCcCMATPUBAEMBIX

CTpYKTypaX. WHpaekc ¢ yKa3piaeT Ha TO, YTO 3HAYCHHA

COOTBETCTBYIOINHMX BEJIMYHH OTHOCATCS K MOMEHTY BPEMEHH /.
HonyctumM, yro B3auMoaeiicteue CMJ BAB u 6noo0bekra

HAUHHAEeTCd B MOMEHT BpEeMeHH f=7;. PasHocTe yrios
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IpelecCHu Aa,] B MOMEHT BDPEMEHH 7| OIpEAEIeTCs
BEIPa)KECHHEM:

Aay, =(co,,' — Wy, )rl +Aq, 8.3)
rae Aaqp pPas’HOCTH YrjIOB NMPELECCHHM CIWHOBBIX CTPYKTYp B
MoMeHT Bpemenu t(=0. B wactHoM cimyyae nmpu Ay =0
ypasHenue (8.3) Tpancopmupyercs B

Aay, =(oy, -2, )7y (8.4)

Cocrapnsiomiass  CBEPXTEKydero CIHHOBOTO Toka, (J )T ,
1

0OyCIIOB/ICHHasd pa3sHOCTBIO YIJIOB  IIPELECCHH, Aa;, B

cooTBeTCTBUH ¢ (1.2) onpeRenuTcs Kak:
(J)Tl =k;Aa; . (8.5)

Ecnu pasHocTh Aa)=a)1,l — @)y, TOJXYUHACTCS YCIOBHIO 8.1)

(ycnoBue  (8.2) MOXHO  CYWTarh  BBHINOJIHSAIOIMMCS
aBTOMATH4YECKM), TO B COOTBETCTBHH ¢ 14 cBoiicteBom COB
(rmaBa 1) NPOHCXOMWT BHIPaBHHBaHWE YIJIOB rpeneccHd. Kak
cnenyer u3  ypaBHeHHH (83) wu (8.4), cnexcTBHEM
BBIDaBHHUBAHUA YIJIOB IPELUECCHH SBIAETCH YMEHBIICHHUE
PasHOCTH HaCTOT TMIPEHECCHH B  COMHOBBIX CTPYKTypax,
cosnaBaeMbix CMJ] BAB u 6uoo6nexrom B COB, TO ecTh, Ajst
MOMECHTA BPEMEHH 7 > 1) (IIPH YCIIOBHH, YTO @), HE MEHSAETCS

B HHTepBaﬂe BpPpCMCHH ‘Z'z -7 H paBHa a)lrl ) CHpaBe]IHPIBBI
CICAYIOUINE COOTHOUICHHA:

Aa,2 =0,

la)lfl '_a)ZTZ l < 0)11'] —Q)ZTI " (8‘6)
rac nepeMcHHEbIC Aaz-z H a)zrz COOTBCTCTBYIOT rlepeMeHHBIM

Aa; W @yp , HO 3HaYeHHS HX B3ATHI B MOMEHT BPEMEHH 7).

TakuM o6pa3om, BosgeiicteBue CMJ1I BAB na 6moo0nexT B
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HHTEpBaJle BPEMEHH 7T, —7] IPH COOIIOACHUM yCIOBHH (8.1) K

(8.2) npUBOAMT K TOMY, 4YTO XapaKTEPHCTHKH CIIHHOBBIX
CTPYKTYp, CO34aBacMbiIX OHOOOBEKTOM, nPHOMMKAOTCA K
COOTBETCTBYIOIIUM XapaKTEPHUCTHKaM CIIMHOBEIX CTPYKTYP,
cosnaBaeMeix CMJ BAB. C 3Toff TOYKH 3pEHHA MOXHO
TOBOPUTh O «UYBCTBHTENBHOCTH» OHOOOBEKTa K JEHCTBHIO
CMJI BAB.

OtMmeruM, uro ycimoede (8.1) Bcerga BBINMONHAETCS I
OHOJIOTHYECKH aKTHBHOTO BEIECTBA, KOTOPOE YK€ COINCPIKUTCA
B OHO00BEKTE, HO B H03aX, Ha HECKOJIbKO TIOPSAAKOB BBHIIE TEX,
KOTopele Hchonb3yrores kak CMJl. Beicokas KOHUEHTpaLHA
TaKoro BeniecTsa B 6H000BbEKTE MPUBOAUT K TOMY, YTO MMEHHO
OHO OIpEeNeNnseT XapaKTEPUCTHKHU CIIHHOBOH CTPYKTYpHI,
co3napaemoii O6mooGrexToM B COB, W 3T0 NPUBOAHT K
MHHHMA/IBHOH PasHOCTH YaCTOT @), H @y, .

Omom meopemuueckuli 6bl600 CO2NACYEMCA C NEPEbIM
ceoticmeom Oevicmseun CMJ] na 6uoobvekm (kunemuueckui
napadokc): evicokoaggexmusnoe sosdeicmeue CMJ] BAB na
KJIemKY UlU OP2aHu3M, K020a 8 HUX UMEEMCS MO e 8elyecnao,
HO 8 003aX HA4 HeCcKONbKO NOpAOKO8 6blule mex, Komopbvle
ucnonwv3zyromesa kak CM/.
2. B npenpiaynieM nyHKTe ObUIO MOKA3aHO, YTO B Pe3ynwTaTe
neticteuss CMJI BAB Ha 6HOOOBEKT 4YacTOTa IpPELECCHH B
CIIMHOBOH CTPYKType, co3faHHOi 6uoobsexktoM B COB,
H3MeHseTCd. JTO H3MEHEHHE INPUBOJAUT K TOMY, 9TO IIpH
BO3JIeHCTBHM Ha OAUH OHMOOOREKT mocienoBaTensHo AByX CMJL
BAB uyBcTBUTENBHOCT OMOOOBEKTa 10 OTHOIIECHHIO K
BoszelicrBuio Bropoii CMJ] BAB Oyner 3aBuceTb OT CBOHCTB
nepsoro. J[eiictButensHo, ycnosue (8.1) Moxer mnepecraTs
cobmopateca i Bropoit CMJl BAB, xots Ao Bo3jeicTBHA
IIEPBOr0 OHO CcOOMJaNack, WM Haobopor, ycmoBue (8.1)
HauHéT cobmomateca g Broporo CMJ BAB, xota 1o
Bo3aelicreus nepoit CMJI BAB oHO He co6nr01a10Ch.
PaccMoTpuM Teneps CitydaH, KOrJa 4acTOTa NPELECCHH B
CIUHOBOI CTpYyKTYpe, co3naBaeMoii mepBoii CM/] BAB (oHa
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0003HAuCHA BHIIE KaK @y, ), PaBHa dYacTOTe INPELECCHH B

CITMHOBOH CTpyKType, co3fnaHHoOH mocienyiomeii CMJ] BAB.
Kak cneayer u3 (8.6), nocne neiicrBus nepsoit CMJ] bAB B
HHTEpPBAJIC BPEMEHH 7, -7, Ha Ouonormyeckuit oO6BeKT

BEJIH4MHA A(oza)l,l — W)y, (ucmonp3yemas B ycnouu (8.1))

uMmeeT OONbIIMH MOPAROK MaJIOCTH, Y€M JO AEHCTBUSA IEpBOi
CMJIl BAB, xorna oHa Oblla paBHa @y —@ . ITO

YBEJIHYMBAET YYBCTBHTEIBHOCTh OHOJIOHYECKOT0 OOBEKTa K
nocnenywommm BosaetictBusm CM/] BAB, ciimHoBas ctpykrypa
KOTOPOro MMEET Ty JKe YaCTOTy NPEUECCHH @y, , YTO U NepBasd

CMA.

Ilonyuennvle 6v1600b1 co2nacyiomesa co GMOPLIM CE0UCMBOM

oeticmeus. CMJ] BAB: usmeHeHue uyscmeumenvHOCmMu

buonozuueckozo obvexma k nocredyiouyum so3zoeticmeusim CMIJ

bAB.

3. C gacToTol npeneccHn @ CIHHOB CBs3aHa 3Heprus U:
U=Sw, (8.7)

S — cyMMmapHBIi cUH cnuHOBOW cTpykTyphl. Ecnu yacrora

IpElecCHH  HM3MEHAETCS, TO H3MEHSeTCS M JHEPrHus.

PaccmoTpenHoe Beimie B nyHkTe 1 Bosaeiicteie CMI] BAB Ha

OHOOOBEKT B HHTEPBAJIC BPEMEHHU 75 — 7] NIPHBOJHT K TOMY, YTO

B COOTBETCTBHH C (8.6) uacTOoTa IIpelleCCHH, CBS3aHHAasA C
6H000BEKTOM, H3MEHAETCA Ha  BEIHYHHY D)7y — WD)y, -

CnenoBaTenbHO, SHEPrHS CHOHHOBOH CTPYKTYPHI, CO3NAHHOM
6noobrekToM B COB (MOXHO MpPEANONOKHUTE, U 3HEPrHs
caMoro 6no0o6beKTa), cornacHo (8.7), H3MeHAETCH Ha BENHYHHY
AU :

AU = S(3, =@y, ). (8.8)
B 3aBucumMocTH OT 3HaKa @y, — @), Aekcreue CMJL BAB no

OTHOLICHHIO K  KOHKperHoMy BO  Moxer  ObITh
OXapakTepH30BAHO  KaK  «OXJaXJaoLee» WM KAk
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«HarpeBparouice». Ecny B MOMEHT 7 | Pa3HOCTH YTJIOB IIPCUCCCHHU

Aoc,1 onpenensercs BeIpakeHHEM (8.4), TO B COOTBETCTBHH C
(8.6) u (8.8) pu @)y <@ TOTOK JHEPrHH HANPABJIEH K
0HOOOBEKTY, @ NPH W)y > @y OH HMEET MPOTHBOINONONKHOE

Hanpasnenue. CormacHo (1.1) u (8.4) HampaBineHHEe MOTOKa
SHEPTHM COBIAJAET C HANPABJICHHEM CBEPXTEKYUYETO CIIMHOBOTO
TOKa.

B ofwem cinyuae, kak cienyer u3 (8.3) u (8.5), HanpasneHue

CBEXTEKYYero CHHHOBOTO Toka (J )Tl B MOMEHT BpEMEHHU T,

ONpeaAcHaCTCA HEC TOJBKO PasHOCTBIO 6021-1 -wlrl , HO TaKXe

BEIMYMHON U 3HaKOM Aqy .

Ecnu ceazamv «3nax» s¢pgpexma om eo3oeiicmeua CMJ] na
6uoobvexm ¢ HanpagneHuem C8epXmeKyuez0 CHUHO8020 MOKA
MedcOy CRUHOBbIMU cmpykmypamu, co30anHvimu umu ¢ CDB,
mo noxyyaem NOAHOE CO21Acue ¢ mpembuM CE0UCMBOM
oeticmeus CM/] BAB na 6uonozuueckuii obvexm: 3a8ucumocms
«3Haka» aghgpekma om HauanbLHO20 cocmoaHuAa buonozuveckozo
obvexma.
4. Ilpoanamusupyem ocobeHHocTH Bosneiicteuss CMJ| Ha
61006beKkT mpH ycnoBHH, 4T0 CMJ] COCTOMT HE M3 OJHOrO
«KBaHTay», KaK BO BCEX PACCMOTPEHHEBIX BBHIIIE CIIyYasx, a U3 Z
«kBaHTOB». O603HAaYUM Yepe3 j; CBEPXTEKYYHH CIIMHOBBIA TOK,
BO3HHKIIMI MeXay CIIHHOBOH CTPYKTYpOH, co3aannoi B COB
i-M  «KBaHTOM», H CIHHOBOH CTpPYKTypOH, CO3JaHHOH
6noo6sexToM. CyMMapHBIi CBEPXTEKYYHH CIIMHOBBIH TOK J .
Y4
onpesenuTes BeIpaxeHueM: Jy,,, = Y. j; . JIOMycTHM, j; PaBHEI
i=1
TI0 BEJIMYHHE H 3HaKy /1A BCeX i, TO €CTh, j; = j, TOrja:
Jom=2-J. 8.9)
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CornacHo cBoiictBy 15 (rnasa 1) npu HekoTopoMm Aa, (H,
COOTBETCTBEHHO, KPHTHYECKOM TOke J.) HMEET MECTO

npockanb3biBanue (cOpoc) yrna (¢assl) npeleccHH Ha
BennmuuHy 27zn (n = 1, 2...). B coorBerctBuu ¢ (8.9), MOXHO
BBECTH KPHTHYECKOE KOJIHYECTBO «KBAHTOBY, Z, MPH KOTOPOM

J sum = J, c*
Zo=J,1j. (8.10)
BemuunHel Aa, u J, HE SBISIOTCA NOCTOSHHBIMH JUIA

CBEPXTEKY4YEeH cpeAbl H ONpPENeNAIOTCS, B  4YaCTHOCTH,
XapaKTEPHUCTHKaMH CIIMHOBBIX CTPYKTYp, MEXAYy KOTOPBIMH
BO3HHMKAE€T CBEPXTEKY4MH CIMHOBBIH TOk. Hampumep, B
3KCIIEPHUMEHTAxX, pe3yabTaThl KOTOPBIX IIPEJCTABICHBI Ha
puc. 1.2, cbpoc ¢a3bl NPOMCXOAUT HA BENUYHHY 27,2 Aa, =7

; pesyapTaroM cOpoca (a3sl ABISETCd H3MEHEHHE 3HaKa
CBEPXTEKy4Yero CHHHOBOTO TOKAa, a, CIIENOBATeNbHO, |
HanpaBlICHUS SHEPreTHYECKUX IOTOKOB. CornacHo Jpyrum
3KCTIEPUMEHTANBHEIM JaHHEIM [23], A, MOXET NpeBBIIATH

27 . B sToM cimydae c6poc ¢a3el Ha BENHUYHHY 277 MOXET
BBI3BaTh HE H3MEHEHHUE 3HAKA CBEPXTEKYYEro CIIHHOBOIO TOKa,
TOJIBKO OC/IabJIEHHE MOCIICAHETO.

Bennunna Z., kak caeayer us (8.10), cymecTseHHO

HEIIOCTOSIHHA: BO-IIEPBEHIX, OHA 3aBHCHT OT HEIMOCTOSAHHOI'O J c?

BO-BTOPBIX, OT CBEPXTEKYYEro CIHHOBOIO TOKAa j, KOTODHIH, B
CBOIO OYEpenb, ONpeAeNseTcs XapaKTepHCTHKaMH (yIJIaMH
IPELeCCHH U HYTallM{) CITHHOBLIX CTPYKTYD, co3aaHHbix B COB
«xBantoM» CMJl u OmooOnexroM. Beneacrtsue 3TOr0 s
onHOM u ToH ke mapel «CMJ| — 6uooOnexT» BenuuMHa Z,

MOXKET NpPHHUMAaTh HECKONbKO 3HaueHHiH. Takum o6pasom,
CyllecTBOBaHHE d¢dekra NPOCKANL3BIBAHUA (assl  Jermaer
3aBHCHMOCTh CYMMapHOTO CBEPXTEKYYero CHHHOBOTO TOKa
MEXKIy CIUHOBBIMU CTPYKTypamH, co3naBaemueiMu CMJI BAB u
OHOOOBEKTOM, OT KOJHYECTBA «KBAaHTOB» HEMOHOTOHHOH M
MOJIMMOJAILHOM.
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Ecnu xonuuecmeo keanmos onpeodensem ooy CMJ] BAB, mo
NOMYYEHHbII  meopemuyeckuti  8biB00  coanacyemcs ¢
yemeépmuim  ceoticmeom  Oeticmeus CMJ BAB Ha
6uonozuyeckuii 00vekm: HEMOHOMOHHAA, NOAUMOOANLHAS
3asucumocms  «003a-3¢ppekmy. B nexomopwix  cayuasx
Habrrooaemcs usMeHeHue «3Haxay aggexma.

5. CornacHO BBeNEHHOMY B paboTe OIpEHENEHHIO, «KBAHT» —
3TO Takas J03a BemlecTBa, koTopad co3gaér B COB cnuHoByIO
CTPYKTYPY C €AWHCTBEHHBIM 3HAYCHHEM YacTOTHl INPELECCHH
CIMHOB MHKpOYAcTHI, cocTaBitomux CPOB, 1o ecTb, COrNIacHO
0003Ha4YEHNIO, BBEIEHHOMY B II. 1, C OIHMM 3HAYEHHEM YaCTOTEI
@y, - ECu 1033 COEPUT HECKOILKO KBAHTOB, TO 3TO O3HAYAET,

yTO TpHMEHsemas f03a BAB XapakTepusyeTrcs HECKOIBKHMH
3HAYCHUAMH 4YaCTOTBI @, H COOTBETCTBEHHO  MOXET

BO3/ICICTBOBAaTh OJHOBPEMEHHO Ha HECKONBKO OHOJIOTMYECKHX
006BEKTOB, I KOTOPhIX cobmonarorcs yciaoBus (8.1) u (8.2). To
€CTh, YEM MEHbIIEe J033, TEM C MEHBUIMM KOJWYECTBOM
Ounonornueckux o6vekToB B3anmozeHcTeyer CM/J] BAB.

Ecnu xonuuecmeo xeanmoe onpedensem ooy CMJ] BAB, mo
ROMYUEHHbIT meopemuyeckuil 6bl8600 CO2NACYEMCA C NAMbIM
ceoticmeom Oeticmeus CMI BAB na 6uonozuueckuii obvexm:
ucuesnogenue NobOYHbIX Ihpekmoe npu ymeHbuienuu O003bl
CM/ BAB (c coxpanenuem axkmugrnocmu CMJ] EAB).

TakuM oGpa3oM, IIepedHCIIEHHBIE B HAYANE [T1aBbl 3 GEKTHI,
xapakTepHele i gedictBugs CMJ] Ouonormyeckd aKTHBHBIX
BEIIECTB Ha OHOJIOrHYecKHe OOBEKTHI, MOryT OBITH ONHMCaHbI
CBOWCTBAMH CBEPXTEKYYHX CIUHOBHIX TOKOB, BO3HHWKAIOIIHX B
COB Mexny CHMHOBBIMH CTPYKTYypaMH, co3faHHbiMH B COB
CBepXMaJoi 7030#f OHONOrHMYECKH AaKTHBHOTO BEIIECTBA H
61onoru4ecKkuM 0O bEKTOM.

Caeacreus

I. ®OTOHBI, Kak U MaTepHaIbHBIE KBAHTOBLIE OOBEKTHI, CO31A0T

B COB cnuHOBBIE CTPYKTYphl, H, BCIEACTBHE 3TOr0, MOTYT

B3aUMOJICHCTBOBaTh C JPYrHMH KBAaHTOBBIMH OOBEKTaMH
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IIOCPENCTBOM CBEPXTEKYUYHMX CIIMHOBBIX TOKOB. JTO OOBACHSET,
noyeMy 3¢ dextr, Habmogaemple npu neiicteur CMJI BAB,
HMEIOT MECTO M NpU ACHCTBHM Ha OHOJIOTHYECKHE OOBEKTHI
HU3KOMHTEHCHBHOTO 3JIEKTPOMarHUTHOTO H3ITy9ICHHS
(3NEKTPOMAarHUTHOE M3Ty4EHHE OTHOCAT K HU3KOMHTEHCHBHOMY
TIpM IIOTHOCTH MOTOKa MeHee 1MkB1/cM?) [96, 97].
II. CsepxTekyune CIOMHOBBIE TOKH, IOCPEJCTBOM KOTOPHIX
B3aumogeicteyror CMJ] BAB. u - GHonorumueckuii  0OBEKT,
pacnipocTpandioTcss B Ooniee «TOHKOH» ~(pu3myeckoif cpene
(cBepxTekyumii (pu3MYECKHHt BakyyM), 4eM MOJIEKY/IApHAasd.
CnenoBaTenbHO, CBEPXTEKYYHME CIIHHOBHIE TOKH MOTYT HE
9KPaHUPOBATHCA MOJIEKYJSIPHBIMHM BelleCTBaMH. VIMEHHO 3THM
MOXXHO OOBACHHTb pe3YNbTaTHl HEKOTOPBIX  HAOJIOJECHHIA,
npuBeAEHHEIE B KHHre betasute 1 CnHpOpHHE “BO3HUKHOBEHHE
HaykH romeonarun’” [107]: «Merorest npenBapHTENIbHEIE JAHHBIE
0 TOM, 4TO 3(hdeKT MOxKeT ObITh NMOJMYYEH HE TOJBKO IPIMBIM
HCIIOJIb30BaHUEM I'OMEONIATHYECKOTO JIEKapCTBa B PacTBOPE, HO H
HCTIONIb30BaHUEM 3aKPHITHIX aMIyI, COZEpIKALIHX
COOTBETCTBYIOIHH pPacTBOp H HAaXOMAUIMXCA B KOHTAaKTe C
YEJIOBEKOM WM JKHMBOTHBIMY». OTH aBTOpHl CCBUIAIOTCA Ha
9KCIIEPHMEHTEL, ONTUcaHHbIe B pabore [108].
. B pamxkax Momemn COPB  MOXHO  OOBACHHTH
3KCIIEPUMEHTAIBHO HaOmogaeMoe  B3aUMOJACHCTBHE MEXIY
KIeTKaMH H MNpOAYKTaMH HX CHHTETHYECKOH IeATEeNbHOCTH,
€CJIH NPETOJNIOKHUTD, YTO CIIMHOBBIE CTPYKTYPHI, CO3/1aBaE€MEIE
B COB kjetkof M NOpPOXYKTOM €€  CHHTETHYECKOMH
JNEATENIbHOCTH,  XapaKTEPU3YIOTCH  ONM3KHMMH  4aCTOTaMH
IIPELECCHH CITMHOB MUKpOYacTHll, cocTaBisoumx COB.
PaccMoTpuM mpuMep u3 o6sactH (QU3HONOIHH PAaCTEHHMH.
Onnoxnerounsie  Bomopocnmn Chlamydomonas eugametus,
HEMOJABMXXHBIE B TEMHOTE, CTAHOBATCA IOJABHXXHBIMH ITPH
O0Jy4eHHH HX CBETOM B T€YeHHE 4 MHMHYT (MOCNE 2-X MHHYT
O0JMy4eHHs MOSBIAIOTCA JXXTYTHKH, 8 Mochne emé 2-X MHHYT
OONMy4eHHss KIETKH CTAaHOBATCA  NOABMHBIMM)  [109].
Oxa3anock, 4YTO JAe€HCTBHE CBeTa MOXET OBITH 3aMEHEHO
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dunsTparaMn KyneTyp, yxe NMOABEPriIHXCH OCBelleHHIOo. Tak,
KapOTHHOHMJ{ KPOLMH, BO3ZHHKIUHH B KyIbTYPE HEMOIBHIKHEBIX
KJIETOK Mocie €€ 2-X MHHYTHOIO OCBELICHMA, NIPH Pa3BEJACHHH

-14 .,
10 M BeI3BIBAJ NOSABJICHHE TOJBHXXHOCTH KJIETOK B TEMHOBOM
(ue moxpgepriueiics ocBemeHHIo) Kynerype. s ¢usnonoros
nojo0Hoe  JeHCTBHE  KapOTHMHOMJA KpPOLHHA  SBJIAETCA

TPYAHOOOBACHUMBIM siBneHHEM. IIpu passereHun 10"*M na 1
KJIETKy B KYJbTYpe NPUXOAUTCA He Oojee OQHOM MOIEKYIHI
BAB. XuMuueckue peakiuyd MexIy MOIEKyJIaMH KPOLHHA H HX
THIIOTETHYECKHMH DELENTOpaMH TPH TaKUX KOHIECHTPAIMAX
IIPaKTHYECKH HEBO3MOXHBIL. Pacué€r CKOpOCTH peakUHUH 10
bopMyne  AppeHuyca  TMOKa3pIBa€T, 4YTO MNpPH  ITHX
KOHLIEHTPALUAX M YCIOBUAX PpEaKUMH KpOUHMH MOXKeT
00pa3oBbIBaTh cenupUIECKIEe KOMIUIEKCHI C THIFOTETHYECKUMH
peLEenTOpaMi 3aMETHOTO 4YHCJIA KIETOK JIMIIB IIOCIe MHOTHX
JIeT, €CIIH He JecATHIIeTHi npeGriBanus B KynsType [110].

IV. B pamkxax mozmenu CPB BO3MOXKHO «3apakeHHE» OJHOTO
OpraHusMa OT JPYroro Jaxke He3apasHBIMH C TOYKH 3PEHHS
opHIATBEHON MEAUIUHEI GONIE3HAMU. DTO «3aPAXKEHUE» MOXKET
NPOHCXOANTh 32 CYET B3auMozelcTBHs OOMBPHOTO OpraHa
OJJHOTO OPraHH3Ma CO 3JOPOBBIM OPraHOM BTOPOTO OpraHU3Ma,
ecnu 3T opraHbl co3fgaioT B COPB cnHMHOBBIE CTPYKTYpPHI C
OnMu3KUMHM 4YacTOoTaMH mnpeueccud. OTMETHM, 4YTO 3a CHeT
HU3MEHEHHA B NPOIECCE TAKOTO B3aMMOAEHCTBUSA XapaKTEPUCTUK
CIIHHOBBIX  CTPYKTYp, CO3JaBaeMbIX OOJBHBEIM  OpPraHoM,
BO3MOXXEH H 03OPOBHTENBHBIH 3 (eKT.

U3BecTHO, uTO BIIIOTH A0 19 Beka JIOAM BEPHIH, YTO
0oJie3Hh MOXHO TEPEHECTH Ha JKHBOTHBIX; H, HaIlpUMEDP, BO
MHOTHX CTpaHax Ha O0a3apax NpOaBajlHCh ITHIBI ABJOTKH
(Burhinus oedicnemus; anan. stone-curlew miu thick knee) s
HepeHeceHUss Ha HHX JKENTYXM. BoT 4TO numier mo 3stomy
NIOBOJly U3BECTHBIH AaHTITMHCKWI 3THOJOT, 3HATOK Maru4yeckux
putyano, xeiimc Jxopmx Ppazep [111, crp. 26], [112]:
“IpeBHHE YTBEPXJAAJH, 4YTO, €CIM OONBHOM, CTpajaroIuii
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JKENTyXOl, OYEeHb MPHCTAABHO CMOTPEN Ha ITHIY, a NTHIA
YIIOPHO CMOTpeENa Ha HEro, OONBHOM BHUIEUHUBANICS.

V. CorysacHO BBIBOJIaM IJIaBbl 3 4acTOTa NPELECCHH CIIHHOB
MHKPOYACTHI] B CIIMHOBOH CTPYKTYpE, CO31aBaeMOl KBAHTOBBIM
00BEKTOM, paBHA YacTOTEe BOJHOBOH (yHKUMH 3TOro o0BexTa.
YacToThl BONHOBEIX (YHKIMI 3JEKTPOHOB B aToMe BELIECTBA
OINPEICNIAOT CHEKTP COOCTBEHHBIX 4YacTOT aroMa, H IpH
HEKOTOPBIX YCJIOBUAX, HAaNpUMeEp, NpPH HOHU3ALUM aToMa,
4acTOTa BOJHOBOH (YHKIHH 3JIEKTPOHA COBIAJAET C OJHOHN H3
€ro coOCTBEHHEIX 4acToT. TO eCTh, YacTOTa NEKTPOMarHHTHOTO
H3ITy4YECHHS aTOMa MOXXET COBNANAaTh C YacTOTOM NpELECCHH
CIIMHOB MMKpPOYacTHI[ B CO3AaBacMOH aTOMOM CHHHOBOH
crpykrype B COB. U 310 MOoXxeT 6bITh OObSICHEHHEM APEBHETO
NPUHIUNA JIeYEHU MHOruX 3afonepaHuii: «IlogoGnoe seunt
nono6Hoe». BOoT HEKOTOPbIE XOPOLIO H3BECTHBIE PEKOMEH TALINH,
Oazupylomecs Ha 3TOM NPUHIUNE: POXKCTHIE BOCIIAJIEHHS,
HMMEIOIME KPacHbI LBET, HAalO JICUYHTh HAJIOXKEHHEM Ha HHX
TKaHEH KPacHOro I[BeTa, a BOCHAJICHUE JKETYHBIX NMPOTOKOB —
HaJIOKECHHEM TKaHeH xemroro useta. Ilo cytw nmema, Takoe
croiicTBo Bo3neicTeua CM/JL BAB kak xuHeTnyeckuii napajgoxc
ABJISIETCA NPOSIBIIEHHSIM HMEHHO 3TOTO IIPUHIIHIIA,

VI. CornacHo mogenu CDB nepeMeHHbie MarHuTHBIC TIONS
OyayT BauATh Ha 3¢dekTuBHOCTh BozaekcTBus CMJI FAB Ha
6noo0nexT. B coorserctBHu ¢ (7.7) M3MeHEHHME MarHWTHOTO
NoJIA O3Ha4YaeT H3MEHeHUue CKopocTH JjBmwxkeHus COB.
W3menenune cxopoctu asuxenus COB Boi3biBaeT M3MEHEHHE
XapaKTEepUCTHK CIMUHOB MHUKpOYAcTHIL, cocTaBisiomux COB,
cM. (2.9), 4ro, B CBOIO OYEpehb, MOMXET TMOBJMATH Ha
XapaKTEpUCTHKH CITMHOBBIX CTPYKTYp, co3naBaeMbix CM/J] BAB
u Ouoobbexktom B CODB, #u, cnemosarenbHOo, Ha HX
B3auMofeiictBue. B paGore [96] npHBeneHbI HaHHBIE O
NOJIOKUTENBHOM  3ddexkTe KOMIUIEKCHOIO  JIEUEHMS: C
npumeHeHneM CMJ] BAB u ¢usndeckux noneif, B 4aCTHOCTH,
HU3KOMHTEHCHBHOIO MarHUTHOTO MONSA.
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VII. Cornacuo mnpennaraemoit mogenun CPB, 6uonoauuecku
akmueHoe Gewjecmeo — 3TO BELIECTBO, TEHEPHPYIOLIEE TaKyHO
CHMHOBYIO cTpykTypy B C®B, B KOTOpPO#l 4acTOTa INPELECCHH
CIIMHOB MMKpPOYacCTHLl paBHa aHAJIOTH4YHOH 4aCTOTE MPELIECCHH
B CIOHHOBOH CTPYKType, CO34aBaeMOii OHOJOrMYECKHM
o0bekToM. [lpyrumu cnoBamH, ecnmu CMJl nefictByer Ha
61006BEKT, TO 3TO O3HAYAET, YTO YaCTOTAa NPELECCHH CIHMHOB
MHKPOYACTHI] B CITHHOBOH CTPYKTYpe, co3naBaeMoit 31oii CMJ]]
B COB, uMeer TOT XK€ MNOPANOK BEIHYHHBI, 4YTO YacToOTa
IpPELECCHN CIMHOB MHKPOYacCTHI[ B CIHHOBOH CTPYKTYDE,
co3/1aBaeMOi 6M000BEKTOM.

VIII. Pa3Mep CTpyKTypHl, co3qaBaeMOii CHCTEMOH, cCOCTOAIIEH
U3  KBaHTOBRIX  OOBEKTOB,  OMNpeENeNsieTcs  pa3sMepaMu
CEepIEYHHUKOB BHXpEi, CO31aBaCMbIX KBaHTOBHIMH OOBEKTaMH B
COB. B cBow ouepenb, pazMep CepAcYHHMKA BHXpA JOJDKEH
O661Tb  He MeHbpHie pasMepa obpasyiomierocs B HEM
JIEKTPUYECKOro qurosst. B rmase 5 6bu10 mokasaHo, cM. (5.3) u
(5.13), uro pazmep 3JIEKTPHYECKOTO IMIIONA, CO30ABAEMOIO
KBaHTOBBIM 00bekToM B COB, HMEET NOPAIOK JUTHHBI BOJHEI JI€
Bpoiina kBaHTOBOoro ob0bekta. J[lnuna BonHel ae bpoins
KBaHTOBOTO O0BEKTa MOXXET Ha HECKOJIbKO IIOPSJKOB
NpeBBINIATh €ro pa3Mepsl. HanpuMmep, JnHa BoaHbI A¢ Bpoitns
JJIEKTPOHa B aTOME BOJOPOJA, HAXOAAUIETOCS B OCHOBHOM
COCTOSHHHM, HA MATH MOPAIKOB MPEBBILIAET €r0 «KIACCHYECKHID)
pamuyc. B pesymbrare OOBIYHOE TOHATHE KOHLEHTpALMU
BEILECTBA B 3TOM ClIyyae TepseT CMBICIL.

IX. Paccmotpennas B pabore mozens neticteus CMJI, xora u
OCHOBAaHA Ha NPHHIMIIAX KBAHTOBOH MEXaHHKH (CBEPXTEKYUHE
CIIMHOBBIE TOKH), OJHAKO pacCMaTpHUBaeT B3aHMOACHCTBHE
OMONIOTHYECKH  aKTHBHOTO BEHIECTBA C  OHONOTHYECKUM
00BEKTOM HE KaK B3aUMOACHCTBHE aHcaM0Oyiell KBaHTOBBIX
OOBEKTOB, a Kak B3aHMOJCHCTBHE €IMHHMYHBIX KBAHTOBBIX
0o6BekTOB. TO eCTh, HCHONB3YETCA HE CTATHCTHYECKOE, a
JETEePMUHHPOBAHHOE OIMCaHWE 3TOro B3aHMOJEHCTBHA. OTOT
MOJIX0J] HAaXOIUTCA B COIJIaCMM C HEKOTOPBIMH BBIBOJAAMH, K
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KOTOPBIM IpHILENT OCHOBOIOJIOXHUK KBaHTOBOH MEXaHHUKH
3. Hpé&nunurep. B croeif kunre «Yro Takoe xusup?» 113, 114]:
OH MHCAT: “XKusoii OpraHu3M NPEACTaBIISAETCA
MaKpPOCKOITHYECKOH CHCTEMOM, 9acTHYHO IpHOMKaromeiics B
CBOMX IIPOSABJICHHAX K YUCTO MEXAHHYECKOMY (11O KOHTPACTY C
TEPMOJAMHAMHYECKHM) IIOBEACHHIO, K KOTOPOMY CTPEMSATCS BCE
CHCTEMBI, KOTAa TeMIlepaTypa MpulmmKkaeTcs K a0COMOTHOMY
HYJIO U MOJIEKYJISIpHAs HEYIIOPANOYEeHHOCTh CHUMAEeTCs.”
®dakTHyeckn, TO JKE CaMOe€ HWMeeT MeCTo B
paccMarpuBaeMo Mozenu Jneiictsus CMJ] Omosormyecku
aKTHUBHBIX BEIECTB IIPH BO3ACHCTBUM HX HA )KHUBbIE OPTaHHU3MBI:
JETEPMHHMPOBAaHHOEC  BO3JCHCTBHE,  IpoHCXondilee B
(GH3MYECKOM BaKyyMe, HMEIONIEM CBOMCTBA MOJIEKYIAPHOMH
XKHMIKOCTH, Korja e€ Temmeparypa npuOmixaeTcs K HyneBoit
TeMmreparype no KenbBuHy (CBOHCTBa CBEpXTEKYYETO 3He—-B).

8.2. O aMcTaHIHOHHOM BO3CiiCTBHH YEJOBEKA HA
du3nueckue cucrTeMnl (NCUXOKUHES)

CymecTByeT GOJIBILIOE KOJIMYECTBO IKCIIEPUMEHTOB, B KOTOPHIX
obHapyXeHa BO3MOXXHOCTb JHCTAHIMOHHOTO BO3HEHCTBHS
CO3HAHHS 4YeJOBEKAa Ha pa3NuyHble (U3UYECKHE CHCTEMEL
O6bsicHeHHe 3TOro SBJIEHHS B paMKaX COBPEMEHHEBIX
bu3MyecKMX KOHLENUMi SBIAETCA HepaspelyMoi 3amaueii.
Hcnons3oBanne Mmonend COB B 3THX ILendx He pelnaer
IIOTHOCTBIO  1Ipo6sieMbl.  OIHAKO HEKOTOpHIE BBISBICHHBIE
9KCIEPUMEHTAILHO 0COOEHHOCTH IICHXOKHHE3a HE
npoTHBOpeyar paccMmarpuBacMoii moxenmu COB. PaccMmotpum
3TH OCOOCHHOCTH, B3SB 32 OCHOBY Pe3yJbTATHl SKCHEPUMEHTOB
C TAKUMH NPHOOpaMH KaK U3MEPSIOLINIA MarHUTHYIO HHIYKIHIO
repManueBblit garuuk Xomna [115], rasopaspsauenit cuérumk
[116], muxpoxanopumerp u ¢oTtopesuctop [117].

1. “CenekTHBHOCTB”: YEIIOBEK-ONIEPATOP MOXKET BIHATH TOJIBKO
Ha OJIMH M3 HECKOJBKHX PSJIOM PacnoJIOKEHHBIX OJHOTHITHBIX
npubopoB. Jlo Hawyanma BO3AEHCTBHA CYIIECTBYET CTalus
«YCTAHOBJICHUS KOHTakTa» oneparopa ¢ npubopom; Ha 3Toi
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CTaiuM OIEpaTop <aOAOHpaeT» TaKOo€ COCTOSHHE CBOErO
OpraHH3Ma, IIPH KOTOPOM PE3YyNbTAT SBJISACTCH MAKCHMAIBHBIM.
2. He3aBUCHMOCTh pe3ynbTaTa BO3ACHCTBHA OT HAIMYHA
3JIEKTPOMAarHHTHBIX 3KPAHOB.

3. Bo MHOrHX city4asix HE3aBHCHMOCTE pe3ynbTaTa BO3ACHCTBHS
OT PacCTOSIHHS MEXAY ONEPaTopoM M IPHOOPOM (B SKCIIEPUMEHTAX
paccTosiHAe BapbHpoBasock ot 0,5 M 10 2000 km).

4. WudopMaTHBHOCTD  BO3ACHCTBUA:  HAlpuUMeEp, IpH
BO3JEHCTBHH Ha FEHEPATOp LIyMa OMEpaTop MOXKET MO CBOEMY
KETAHUIO KaK TOJAABIATH BBIXOAHOH CHIHaJl, TaKk M BBHI3BIBAThH
TEHEPALHIO MTOC/Ie10BATEIBHOCTH CHTHAJIOB.

PaccMoTpuM, KakMM 00pa3oM 53TH OCOOEHHOCTH MOXHO
0o6BICHUTE B paMkax moaesu COB [118-132].
“Cenexmusnocms”  Ilpennonaraercs, 4YTO Ha  CTaHH
«YCTaHOBJICHUS KOHTAaKTa» OIEPAaTOpP M3MEHSET COCTOSHHE
CBOEro OpraHM3Ma TakKUM oO0pa3oM, 4YTOOBI CTalu pPaBHBIMH
9aCTOTHl MPELECCHH CIIMHOB MHKPOYACTHIl, COCTAaBJIIOIIMX
COB, B CnMHOBEIX CTPYKTYpaX, CO3[aBaE€MbIX ONEPATOPOM H
¢usnyeckum npubopom B COB. Kax pesyasrar 3TOr0 Ha
CTaauM BO3ACHCTBUS ONEPATOpP BIUSAET TOILKO HAa TOT mpubop, C
KOTOpPBIM Yy Hero OBl YCTaHOBJIEH KOHTAaKT, TO €CTh,
BBINOJIHSAETCS yciioBHe (8.1).

Hezasucumocms pezynomama om nanuuusa 31eKmpomMazHumublx
akpanos. (CBEpPXTEKy4He€ CIHHOBHIE TOKH HE SBISAIOTCA
3JIEKTPOMArHuTHEIM rporeccom B COB. CrenosarensHO, OHU
MOTYT HE SKPaHHPOBATHCSA 3JIEKTPOMarHUTHBIMH 3KpaHaMH.

Hesasucumocmy pesynomama om paccmosanus. OObSCHEHHE
3TOr0 CBOMCTBA HE SBIACTCA OJHO3HAYHBIM., C OJHOH CTOPOHEI,
cornacHo (1.1), TeOpeTHYECKH CBEpXTEKYYHE CIIMHOBBIE TOKH HE
3aBUCAT OT paccTosHHA. C Jnpyrod CTOPOHEI, BEIPaBHMBaHHE
XapaKTepUCTHK CHHHOBBIX CTPYKTYp, co3naBaembix B COB
B3aUMOJCHCTBYIOUIMMH  OOBEKTaMH, HMEET MECTO IIpH
cobmoaennn yciopuit (8.1) u (8.2). B urore MoxxHO caenaTsb
crenyomuii BeIBOA: 00bekTHI, co3naione B COB cnuHOBBIE
CTPYKTYpEI, OyIAyT B3aUMOJeiicTBOBaTh Ha JIIOOOM pacCTOSHMH,
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HO 3((HEeKTHBHOCTh 3TOr0 B3aUMOJEHCTBHA (TO €CTh, CTENEHB
BBIPaBHHBAHHUSA XapaKTEPUCTHK B3aHMOJICHCTBYIOIIUX
CIHHOBBIX CTPYKTYp) 3aBHCHT OT XapaKTEPHCTHK 3THX
CNMHOBBIX CTPYKTYP H PACCTOSHHS MEXIY HHUMH.
Hupopmamusnocmv  so3sdeticmeus. Cornmacuo (8.6) u (8.8)
B3aMMOJICHCTBHE  CIIMHOBBIX  CTPYKTYp  CONIPOBOXIAETCA
HU3MEHEHHEM SHEPIHH 3THX CTPYKTYP BCJIEACTBHE H3MEHEHHS
YaCTOT NPELUECCHH CIIHHOB COCTABNSIOIINX MX MHKPOYACTHIL.
ITpnuyém XapakTep H3MEHEHHUS YacTOT HPELIECCHH OIpeeIeT U
XapakTep M3MECHEHHs SHEPIHH B3aHMOZICHCTBYIOIINX CTPYKTYP.
Takum o6pasoM, ecnu omepaTop MOMXET H3MEHSATh YacTOTHI
Ipeneccuy B co3naBacMblXx MM B COB CIHHOBEIX CTPYKTypax
(CBOHCTBO  «CENIEKTHBHOCTHY» CBHJAETENLCTBYET O TaKOM
BO3MOXHOCTH), OH CINOCOOEH KaK IepefiaBaTb JSHEPrHio
bu3ndeckoit cucreMe, Tak H OTOUPATE.

Ipumeuanue. HexoTopble IpOSBIEHUS IICHXOKHHE3a
MOXHO OTHECTH K MarM4ecKuM oOpsaaM, B YHaCTHOCTH, K
KOHTarno3Ho maruu [111, 112, 119, 123, 133-135]. B
COOTBETCTBHH C Kknaccupukammer [xeiimca Jxopmxa
@p33epa, KOHTArHO3HAsi Marus OCHOBHIBAacTCS Ha BEPE B
TO, YTO «BELIH, KOTOPBIE pa3 NPHIUIM B CONPHKOCHOBEHHE
Apyr € ApPYroM, NPOJOJDKAIOT B3aUMOAEHCTBOBATh Ha
PAacCTOAHMH IIOCIE INPEKPALICHUS INPAMOrO KOHTAKTa»
[111, 112]. Hanpumep, B OPEBHOCTH y BCEX HAPOJOB
CymiecTBoBaJl oObIyait (COXpaHUBIIHMICA JO CHX IOp B
HEKOTOPBIX paOHaX MHpa) TIIATENLHO IPATATh
OCTPMKEHHBIE BOJIOCHI ¥ HOITH, BBINIABIIME MOJIOYHBIE
3y6Bl pe6énka. CUHTANOCh, YTO Yepe3 3TH BEIIM MOXXHO
HaHECTH Bped uX OwmBmEMy Binagenbuny. TyseMuer
ABcTpamuu [ns Toro, 4ToObl HaBPEAMTh CBOEMY Bpary,
NMOXMINANM Yy HEro BENM, a 3aTEM KOJOTHIH HX H
JepXald Haj OrHéM, cuMras, 4YTo TakHM obpa3oM
HAHOCHT BpeJl H CAaMOMY Bpary.

Ilo noBony pu3HIECKHX NPURLUNOB, KOTOPBIE MO OBI
JIexaTh B OCHOBE KOHTarno3Hoi maruu, ®pesep mucan:
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«BEIIM BO3JEHCTBYIOT JIPYT Ha Apyra Ha pacCTOSHHH H
UMITyIbC Iepefaércs oT OJZHOH K APYrod IOCpPEeACTBOM
4ero-T0 MOXOXKEro Ha HEBHAUMEIH >dup». C nosumui,
M3JI0XKEHHBIX B JAHHOH paboTe, MOXKHO IPETIONIONKHUTD,
YTO 3TOT «HEBHUAMMBIH 3(Hp» MO CBOHM CBOHCTBaM
nogo6eH  CBOMCTBaM  CBEpPXTEKy4dero (pU3UYECKOro

BakKyyMa.

OtMeTHM, 4To B3aUMOJEHCTBHE MOCPEACTBOM
CBEPXTEKY4YHX CIMIUHOBBIX TOKOB BO3MOXXHO MEXIY CIIMHOBBIMH
CIPYKTYPaMH, CO3JaBacMbIMH MaTEpHAIBHBIMH  OOBEKTaMH
mo6oro THIa, Kak OJyLIEBIEHHBIMHU, TaK U HEOAYHIEBIEHHBIMA.

BriBoans! k ri1ase 8

U3 paccmarpuBaemoii B pabore moaenu COB cienyer:

1. JleiicTBHE CBEPXMANBIX 403 OGHOIOTHYECKH aKTHBHOTO BELIECTBA
Ha Ouosorm4eckuii OOBEKT OCYLIECTBILIETCS IOCPEACTBOM
CBEPXTEKYYHX  CIHMHOBBIX TOKOB, BO3HHKAIOMUX  MEXIY
CIMHOBBIMHU CTPYKTYpamH, co3aBaeMbIMH B COB 6HOI0rHYECKH
AKTHBHBIM BEILIECTBOM M OHOJIOTHYECKUM OOBEKTOM.

2.  [le#ictBMe€  HHU3KOMHTECHCHBHOTO  JJIEKTPOMarHUTHOIO
U3NTy4eHHs Ha OHONOTHYECKHH OOBEKT OCYyLIECTBIAETCA
MOCPEACTBOM CBEPXTEKYYHX CIIHHOBBIX TOKOB, BO3HHKAIOLIMX
MEXJy CIHHOBBIMH CTPYKTypaMHu, co3fgaBaemeiMu B COB
6uonornyeckuM OOGBEKTOM M (POTOHAMH, COCTAaBISIOIIUMH
3JIEKTPOMArHUTHOE U3TyYCHHE.

3. HexoTopsle cBoiicTBa NCHMXOKHHE3a (BO3NCHCTBUE CO3ZHAHMS
4enoBeka Ha (U3UYECKUE CHUCTEMBI) MOTYT OBITh OITHCaHBI
CBOMCTBAMH CBEPXTEKYUHX CIIHHOBBIX TOKOB, BO3HMKAIOLIMX
MEX]ly CIIMHOBBIMH CTPYKTYpPaMH, CO3/1aBa€MBIMH YEJIOBEKOM H
o0BekTOM ero Boszeiicteusa B COB.

4. Bo3MOxHO JeiicTBMe JApyr Ha Jpyra IIOCPEACTBOM
CBEPXTEKYUYHX CITMHOBBIX TOKOB KOCHBIX (HEXXHBBIX) OOBEKTOB,
TaK KaK CBEpXTEKy4YHe CITHHOBBIE TOKH MOTYT BO3HHKATh MEXIY
CIIHHOBBIMH  CTPYKTYpaMH, CO3JaBa€MbIMH  KBaHTOBBIMH
o6bekTamu moboro THIA.
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SAKJIIOYEHUE

Hanenenne ¢H3HYECKOro BakyyMa CBOMCTBaMM CBEPXTEKY4ero
‘He-B — B naumoit pabore ¢dusmyeckuit BaKyyM C TaKUMH
CBOMCTBaMH Ha3bIBAa€TCS CBEPXTEKYYHM (PU3HYECKUM BaKyyMOM
(C®B) — no3Bosnser:

I. Beectn cHcTEMY YpaBHCHHH, OIHCHIBAIONIMX H3JTyd4EHHE,
pachpocTpaHEHHE H MOTJIOLIEHHE CBeTa. Y paBHEHHS Makcsesuia
ABJIAIOTCSA CNEJCTBHEM ITUX YPABHEHHM.

B mopenn CDB cBer sBiIseTcs BHXPE-BOJHOBHIM (MJIH IO
XapaKTepy  CO3[aBaeéMbIX MM  BO3MYIIEHHH  CIIHHOBO-
MarHuTHeIM) 1npoueccoM B C®PB, compomoxaaromumes
3JIEKTPHYECKUMH BO3MYLICHUAMM.

II. OOBACHHTH COXpaHEHHE IUIOCKOCTH  JJIEKTPHUYECKOH
MOJAPH3ALUH CBETA.

SIBneHne OOYCIIOBIIEHO TpElecCHeH CIMHOB MHKPOYACTHIL,
coctasisnonx COB, npu pacnpocTpaneHny cBeTa.

IHI. OO6BACHHTH CTPYKTYPHOE CXOACTBO BHIpaKCHHH IS
YAENBHOH JHEPrHH 3JEKTPUYECKOr0O M MarHHTHOIO IOJeH,

cootBercTBenHo: E2 /87 u B /87, rne E — Hanpsk&HHOCTh
UIEKTPUYECKOTO Nos, B — MarHuTHast HHAYKIHA.

B pamkax momenmn COB o00a BBIpaXeHUS ONPEAENSIOT
YIAEIBHYI0 KHHETHYECKYIO SHEPTHIO JIBUXCHUS OIHON M TOMH e
cpeabl (CBEpXTeKy4ero (pU3H4ecKoro BaKyyMa) B pasHbIX ¢ha3ax
€€ IBHXKECHUSL.

IV. BBecrn peanbHbli HU3HYECKHiT IpolLecC, ONpeaeaIomuii
BOJIHOBBIE CBOICTBa KBAHTOBBIX OOBEKTOB.

TakuM mpoueccoM sBaseTcs o00pa3oBaHHE KBAHTOBBIMH
obbexTamMu BHXpeH B Bo3MyluéHHoM COB. Yactora BoJHOBOI
¢ynknuu [pénuarepa — 3TO YacTOTa NpPELECCHH CIHHOB
MHKpoyacTHll, cocTaBisgiolux COB, B cepaeyHHKax STHX
BUXped. JINMHA BONHBI ONMpPEACHAETCA PA3MEPOM CeplEUHHKA
BHXDA.

V. Onucath B3auMoAeiHcTBHE (POTOHA C KBAHTOBHIM OOBEKTOM,
MMEIOIIUM HEHYNEBYIO Maccy MOKOS.
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B3aumopetictBue (oTOHa ¢ KBAHTOBBIM OOBEKTOM MOXHO
paccMaTpHBaTh Kak CITHH-CITHHOBOE B3aHMOJCHCTBHE
MHKpOYACTHUL], COCTAaB/SIONIMX BHXpPH, KOTOphIE OOpasyroTCs
¢$oTOHOM ¥ KBaHTOBEIM 00bekTOM B CDB.

VI. O0BbAcHHTL TaKoe ABJIECHHE KBAaHTOBOH HEJOKAJIBHOCTH, KaK
Koppessinus a3 GoToHOB, HITH, UTO TO XKE camoe, (a3 BOJHOBBIX
bynxumi GoToHOB.

DTO sABNIEHHE, MO CYILIECTBY, NPEACTAaBIAET coOoif mpolecc

BBIpaBHUBAHHS YTJIOB IpellecCHH CHUHOB cocTaBisomux COB
MHKPOYACTHI] B CEpICUHUKAX BHXpeH, co3aBaeMbIX poTOHaMH B
COB.
VII.  OOBSCHHTh  IIPOMCXOXICHHE  TaK  Ha3bIBaeMOMH
PENATHBUCTCKOM N00aBKM K Macce JBHXKYLIMXCHA KBaHTOBBIX
0o0BekToB. (3mech M Jajee JBHXKEHHE KBaHTOBOro OOBEKTa
paccMaTpUBacTCd OTHOCHUTEILHO TOH CHCTEMBI OTCUETa, B
KOTOPOH KBAHTOBEII OOBEKT XapaKTEPHU3YETCA BOJIHOBHIMH
CBOMCTBaMH.)

B paccmatpuBaemoil Mopenn COB  «peasATHBHCTCKAN)
nobaBka K Macce o0OycClOBJI€Ha BOJHOBHIMM CBOHCTBaMH
KBaHTOBOTO OOBEKTa, a UMEHHO, MHEPLIMOHHBIMH CBOHCTBaMHU
CepACYHUKA BHUXPH, CO3AABAEMOI0 KBAHTOBHIM OOBEKTOM B
C®B. Benuuuna nob6aBku K Macce, Am, CBf3aHA C 4acTOTOM
IPEHECCHH CIMHOB MHKPOYaCTHL B CEPACYHUKE BHUXpHA, WIIH,
YTO TO )K€ caMoe, ¢ YacToTol BoHOBOH ¢ynkunu Lp&nunrepa

wg;, COOTHOMWEeHHEM: Am = hagy, /c? (c- CKOPOCTb CBETA).

VIII. OGpscuuth 3¢ddexr Basmiopa-UepeHkoBa — cBeueHHeE,
CO3/1aBaEMOE 3NIEKTPOHOM, ABIKYIIMMCS B CpeAe CO CKOPOCTBIO
Ve, IIPEBHIIAIONICH (ha30BYI0 CKOPOCTh PaclpOCTPAaHEHUSA CBETA
B 3TOH cpejie, — He BBOZAS JJICKTPUUECKYIO MOJISIPU3ALMIO CPEbI,
B KOTOPO# JIBMXKETCA SJIEKTPOH.

Oddexkt 00yCNOBIEH CO3/IaHHEM KBAaHTOBHIMH YaCTHLAMU
Buxpeilt B COB 1 o0pa3oBaHHEM BHUXPE-BOJHOBOIO NpOIECCE B
COB npu npeBHILIECHUH 3THMH YacTHLAMHM CKOPOCTH cBeTd. B
pamkax paccMarpuBaemoil Mogenn COB sddext Oynmer nmers
MECTO TIPH ABWXKCHUH JTI000H KBAHTOBOH 4acCTHILIbl, B TOM YHCIIE,
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He co3jaoulell 3JIEKTPHYECKOH MONApU3alMy Cpedpl, vepes
KOTOPYIO OHA JIBHXXETCA.

IX. O6BsacHITh cIMH-OPOUTANTEHOE B3aUMOJEHCTBHE, HE BBOAS
MarHuTHOE IOJIE B CHCTEME JABHXXYIIErocs KBAHTOBOrO 06HEKTa.

310 B3aUMOJEiicTBUE o0yclorneHo MOMEHTOM,
JNEHCTBYIOIUIMM B 3JIEKTPHYECKOM TIOJIeé Ha CO3J[aBaeMbli
KBaHTOBBIM 00bekToM B COB BHXph Kak Ha 3NEKTpHYECKHI
Iumnonb. 310 OOBACHEHHE NMPHUMEHHMO H K SIEPHOMY CIHH-
OpOHTATEHOMY B3aMMOJEHCTRHIO HYKIOHOB, pPacCEeMBaeMBIX
SZipaM¥ BELIECTRA.

X. O6BACHUTD 3 PEeKTH HECOXpaHEHUSR YETHOCTH B ONITHYECKHX
9KCIePUMEHTaX.

OtH  3pdexTst OOBACHAITCA CYHIECTBOBAHMEM  CHIIBI,

JeHicTByIolIeil B 3NEKTPUYECKOM TONE sapa Ha co3/aBaeMble
snekTpoHamMd atoMa B COB BHXpH Kak Ha 3JIEKTpHUYECKHE
JUTIOJH.
XI. OObsacHUT,  B3aMMOJEHCTBME B  BaKyyMe  JIBYX
HE3apsUKECHHBIX  MapaJUIeNbHBIX  METAJUIMYECKUX  I[UIAaCTHH,
paccTosHHe MeEXIy KOTOPBIMH HE TIPEBHIIIAET HECKOJBKHX
aTOMHBIX JuaMeTpoB (3¢ ekt Kazumupa).

Otor a¢dexT o0BACHIETCA QNIEKTPHIECKHM

B3aMMOJCHCTBUEM BHXpeH (KaK 3JIEKTPUYECKUX HOUIOJEH),
cosmaBaeMeiXx B COB  ajexkTpoHaMH — MMPOBOAHMOCTH
Metanauyeckux muactuH. CornacHo Mogenmd COB addexr
OyaeT OTCYTCTBOBaTh y CBEPXNPOBOAALINX ILIAaCTHH.
XII. O0bacauTy HabmogaeMoe emé JlopeHHEeM H3MEHEHHE
pa3sMepoB CHCTEMBI 3apANOB, HaXOAAIIEHCA B PaBHOBECHH IOJ
JAEeHCTBHEM TONBKO JNEKTPOCTATHYECKUX CHJI, IPH NMPHBEACHHH
CHCTEMBI B ABHIKEHHE.

HckakeHHEe 3JIEKTPHYECKOro IOJIS JBHXKYIIErocs 3apsja
INPOMCXOAMT H3-32 HAIAYHS DJIEKTPHYECKOTO JHUIIOJIBHOTO
MOMEHTa y BHXpPeH, CO34aBaeMbIX JBHXYIIMMHUCS KBaHTOBBIMH
o0bekTamu, NpHYEM BEJIHYHHA 3TOro MOMEHTa
IIPONOPLMOHATBHA CKOPOCTH KBaHTOBOTO 0OBbeKTa.
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XIII. OOBACHUTD obMeHHOE B3aMMOJIEACTBHE
«TOXAECTBEHHBIX)» KBAHTOBBIX OOBEKTOB.

B pamkax Mozenu COB «TOXAECCTBEHHOCTb» KBaHTOBEIX
00BEKTOB O3HAYaeT, YTO CIIMHBI MHKPOYACTHIl B CEpACYHHMKAX
BUXpEH, 00pa3zyeMbIx 3THMH 00BbekTaMu B COB, uMeoT paBHEIe
4acTOThl TIPEECCHH, a CCPJACYHMKH I3THX BHXPEH HMEIOT
onuHaKkoBble pasMmepbl. OOMEHHOE B3aHMOJCHCTBHE BO3HHKAET
33 CUET CHOHH-CIIHHOBOIO B3aHMOACHCTBHA MHKPOYACTHI,
coctaBstominx COB, nmpu OOBEAMHEHHH CEPACYHHKOB I3THX
BUXpEH.

XIV. OO6bscHuTs 00pa3’oBaHHE KYMEPOBCKMX TIap B
CBEPXNPOBOIHHKAX.

KynepoBckue mapel o6pa3yrorca 3a Cué€r OOMEHHOro

B3aHMOJICHCTBHS «TOXIECTBEHHBIX» 3J1eKTpoHOB B COB (cM. 1.
XIII).
XV. OOpsacHHTP CTPYKTYPHOE  CXOACTBO  YPaBHEHHIH,
ONKCHIBAIOIINX MATHHTHOE B3aHMOJEHCTBHE IPOBOJIOB C TOKOM,
M ypaBHEHHH, OIMUCHIBAIOINUX B3aHMOJECHCTBUE BHUXPEBBIX
HHUTEH B HACANbHOH HECHKHMAEMOH KUIKOCTH C OTPHLIATENbHEIM
JaBJICHUEM.

CxoacrBo oOBACHAETCS TEM, YTO MArHMTHas MHIYKI(UA
onpenenserca ckopocTeio JBmxeHuss COB B BO3IMyLIEHHOM
(nanpumep, 3aBuxpéHHOM) oOmactn. CsoiicrBa CPB B
3aBUXPEHHOH OOMacTH MOXHO MOJENMPOBATh CBOHCTBAMH
HACUILHOH HEC)KHMMAaeMOH JKHAKOCTM C  TOJIOXHTENbHOH
IVIOTHOCTBIO M OTPHHATEIBHBIM JIaBJICHHEM.

XVI. OO0bicHUTE OCOOEHHOCTH JEHCTBHS CBEpXMalbIX [03
OHOJIOrHYECKH aKTUBHOT'O BEILECTBA HA OHOJIOTHYECKHH OOBEKT.

BosgeiicTBie OCYHIECTBISETCS MOCPEACTBOM CBEPXTEKYYHX
CIIMHOBBIX  TOKOB, BO3HHKAIOIMX  MEXAY  CHHHOBBIMU
CTpYKTypaMmH, co3naBaeMbiMH B COB GHONOrHYeCKH aKTHBHBIM
BEIIECTBOM H OHOJIOTHYECKHM OOBEKTOM.

XVII. OOGBACHUTP HEKOTOpble OCOGEHHOCTH MEHTAJIBLHOIO
AeHCTBHA 4YeNOBEKa-omepaTopa Ha (HU3HYECKHE CHCTEMBI
(ncuxokuHes).
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OTH ocobeHHOCTH MOryT OBITH OGBSCHEHBI CBOHCTBaMM
CBEPXTEKYYHX CIIHHOBBIX TOKOB, BO3HHMKAIOIUMX MEXIY
CNIMHOBBIMM  CTPYKTYPaMH, CO3JaBacMbIMH YEJIOBEKOM H
o6bexToM ero Bosaeiicteus B COB.

XVIIIL. Ipeanoxurs o6bsicHEHHE OOPa30BaHUA JIIEKTPOHHO-
MO3UTPOHHOH Maphl (OTOHOM B 3JICKTPHYECKOM IOJIE ATOMHOT'O
anpa.

PoxxaeHue vacTHI NMPOHCXOAMT 3a CYET pa3phiBa CBA3EH
MEXJY OJICKTPHUYECKH 3apSKCHHBIMM  «KBa3HKOJUIAIICaMH
MHKpoyacTHL, cocTaBmsronmx COB. «KBaszukosiancel»
0o0pa3yioTcs B CEpACYHUKE BUXPS, CO3JaBaeMOro (oToHOM B
OKpeCTHOCTH  aromHoro sanapa. CymmapHas Macca m
MOPOXIAEMBIX YACTHI[ CBA33HA C 4YacTOTOM NPELECCHH o,

CITHHOB MHKPOYACTHI[ B BHXPC COOTHOUMICHHCM: M = ha)v / 02.

CouH kaxkZ0oH M3 POXAAIOIUXCA HaCTHL PaBEH CYMMapHOMY
CNHMHY MHKPOYaCTHL, COCTABJIAIONINX «KBa3HKOJLUIAnce»: A/2.
XIX. ITpemnoxuTh NOCTyNIaT O BRIpABHHBAHWH CKOPOCTH CBETA.

CkopocTth CBETa BBIpaBHMBaeTcs M0 3HaYEHUA
GbyHIaMEHTATPHOH KOHCTaHTHl ¢ B T€X CHCTEMax OTCYéra, B
KOTOPBIX KBaHTOBbIE OOBEKTHI co3aioT BUXpH B CDB, T0 ecth, B
CHCTEMaX, B KOTOPBIX BO3HMKAIOT BOJHOBHIE CBOWCTBa MaTEpHM.
Y4uTHIBas, 4TO 3TH CBOMCTBA XapaKTepHH! JJIS WHEPLHAILHBIX
cucTeM OTCu€ra, 3TOT MOCTYyNaT B ONpEAeneHHOM CreneHu
COIIacyercsi CO BTOPBIM IIOCTYJIaTOM CHELMAIBHON TEOPHH
OTHOCHUTEJIBHOCTH, COITACHO KOTOPOMY CKOPOCTH CBETa B BaKyyMe
B MOOBIX  HHEPUMAIBHBIX  CHCTEMaX  oOTcyéra  paBHa
GbyHIAMEHTATPHONH KOHCTAaHTE ¢ HE3aBHCHMO OT JBHXKEHHA
HCTOYHHKA.

XX. INpennoxuts 06bICHEHHE CBEPXITPOBOJUMOCTH.

B paccmarpuBaemoii Momenn COB cBepXnpoBOIMMOCTH
BO3HHKa€T MNpPH  YMEHBIICHHMM  BS3KOCTH  BEIIECTBA,
00yC/IOBIIEHHOH B3aMMOJEHCTBHEM 3JIEKTPOHOB, BCIICACTBHE
HaIMYUA Y HHX OJJIEKTPHYECKOro JHMOJBHOTO MOMEHTa,
CBA33aHHOrO ¢ BoJIHaMu MaTepuu. Ha ocHoBe 3101 KOHIENLUMHK
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BHIBEJICHO YPAaBHCHHE, OIKCBIBAIOLIEE IKCIIEPHMEHTAIBHO
NOJYYEHHYIO 3aBHCHMOCTh KPUTHYECKOTO 3HAYECHHSI MarHUTHOH
HMHAYKUHH OT TEMIIEPATYPhI AJIA YHCTHIX CBEPXIPOBOJHHKOB (HE
CILIABOB).

XXI. Ilpenckasath CymiecTBOBaHHE CJIAGOro 3MEKTPHYECKOTO
OJISL OKOJIO MPOBOJHHKA C TOKOM. B OTCYTCTBHMH TOKa MPOBOX
SBJISIETCS HEATPAIBHEIM.

OnexkTpuueckoe moyie co3Maércs 3a CYET IIIEKTPHYECKOH
MOJISAPU3AIMKA  CepACYHHKOB BHXpel, obpasyempix B COB
JBHXKYIIUMHCSA  3JEKTPHUYECKH 3apsSXKEHHBIMH  KBaHTOBBIMH
oOBeKTaMu.

XXII. TIlIpenckasatb BO3MOXHOCTh HEIIEKTPOMArHHTHOIO,
HETPaBHTALIHOHHOTO,  HEAKYCTHYECKOTO0 M HETEIUIOBOIrO
JVMICTAHIIMOHHOTO "B3aMMOJEHCTBHA" HEXHUBBIX 0OBEKTOB.

B Momenn C®PB cBepxTekyyue CHHHOBBIE TOKH MOTYT
BO3HHKATh MEXAY CIIHHOBBIMH CTPYKTYpaMH, CO3JIaBAEMBIMH B
COB o6mektramu moboro Buma. CirienoBaTeIbHO, BO3MOXHO
JeficTBHE JApPYr Ha Jpyra HEXWUBHIX (KOCHBIX) OOBEKTOB
HOCPENCTBOM CBEPXTEKYYHX CIIHHOBBIX TOKOB.

XXIII. TIpencka3zats BO3MOXKHOCTE COXPAaHEHHUS B CBEPXTEKYUYEM
(U3NUeCKOM BaKyyMe TaK Ha3bIBa€MBIX «CJIEIOB» CHCTEMEI,
cocrosuieli U3 KBaHTOBEIX OOBEKTOB.

JT1o sBiEeHHE OOYCIOBIECHO CIIOCOOHOCTBIO CBEPXTEKYYHX
CpPed XpaHWTh HEKOTOpPBHIE BHABI JBHXKCHHSA, HaIpHMED,
BHUXPEBBIE CTPYKTYPHI, TEOPETHYECKH OeckOHe4HOo jaonro. Tak
KaK CHCTEMa, COCTOfAINas M3 KBAHTOBBIX OOBEKTOB, CO3JAET
Buxpu B COB, 10 mMeercs BO3MOXHOCTb COXPAaHEHHS 3THX
BHUXpEH U IOCIe yIAIeHUs CHCTEMBI U3 00JIaCTH NPOCTPaHCTBA,
B KOTOpPOH OHa HX CO37aJ1a.
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